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Abstract
Forces acting between individual grains in a powder can have a critical and controlling 
effect on powder bulk behaviour. Operations such as powder flow, fluidisation, 
compaction, agglomeration and mixing are all influenced significantly by the intensity 
of interparticle forces. This is especially true when the particle size falls below around 
100 pm at which point the surface forces outweigh the force due to gravity acting on a 
single particle.
Studies of cohesion using bulk powder samples are of limited use because it is 
difficult to decouple the fundamental mechanisms of interparticle force from other 
contributions to cohesion such as variations in the powder microstructure, or 
geometric interlocking of individual particles.
A review of the relevant literature has unearthed conflicting evidence associated with 
the influence of relative humidity (RH) on both bulk powder cohesion and interparticle 
force. Therefore there is a need for experimental force studies at the scale of the 
individual particle to identify the fundamental mechanisms that prevail and resolve 
some of the apparent uncertainty that currently exists.
A custom built force instrument, incorporating Atomic Force Microscope (AFM) 
technology, was designed, constructed and commissioned. This instrument was used 
to quantify the interactions between particles of around 40 pm in diameter and flat 
surfaces as a function of the relative humidity of the surrounding air. Interactions 
between soda-lime glass surfaces, gold surfaces and amorphous quartz surfaces 
were studied.
Striking results were obtained on soda-lime glass surfaces upon decreasing the RH 
from > 70% to around 40%. At this point the glass surfaces suddenly exhibited a 
strong repulsion upon approach. The range of this repulsion was observed at 
separation distances as great as 250 nm. Once the surfaces were brought into 
contact the strong repulsion was accompanied by a very large force of adhesion. This 
strong repulsion and associated peak value of adhesion was not observed at other 
RH values and was specific to desorption rather than adsorption. Force curves for
gold and quartz surfaces showed no such repulsion and peak adhesion. It is thought 
that the critical humidity coincides with the formation of a complete monolayer of 
adsorbed water molecules. A number of possible explanations have been offered for 
the effect and its uniqueness to soda-lime glass in the present experiments.
Theoretical calculations of adhesion force have been performed based on the concept 
of capillary meniscus formation. Calculations give values of around 17000 nN for a 
sphere 40 pm in diameter and a contact angle of 20°. These values are somewhat 
larger than measured values in all cases apart from peak adhesion.
It is thought that at low humidities there is insufficient water adsorbed to overcome the 
effect of surface roughness. Contact occurs at asperities, which reduces the 
expected contact area and hence leads to an adhesive force that is lower than 
predicted. At humidities > 80% the experiments show evidence of capillary elongation 
upon surface separation. This implies that the surface adsorbed film is mobile with 
bulk liquid being drawn into the bridge under the action of the surface tension force. 
The associated increase in bridge volume and the change in bridge curvature with 
elongation will tend to equalise the Laplace pressure inside the bridge and therefore 
give a value of adhesion that is lower than predicted.
© James W G Tyrrell 1999
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A Hamaker constant (J)
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C h a p t e r  1
I n t r o d u c t i o n
1.1 Broad review
More than 50% of the products o f the chemical and pharmaceutical industries 
are produced in powder form or involve powders in their preparation.
When ostensibly dry powders are exposed to the surrounding ambient 
atmosphere, water molecules will adsorb on the particle surfaces. The extent of 
adsorption will naturally depend upon the relative humidity (RH), the system 
temperature and the chemical and physical nature of the solid surface. The 
 ^ presence of such an adsorbed layer modifies the interactions between particles
and therefore has an effect on a number of process operations, e.g. fluidization, 
tabletting, agglomeration, conveying of powders and hopper flow. The effect 
may be beneficial or deleterious depending on when and where it occurs within 
a process.
The success of powder processing operations, such as storage in hoppers and 
silos, transportation, formulation and mixing, compression and packaging, is 
dependent on the flow behaviour of particles under pressure, temperature and 
humidity (Teunou et al., 1999).
Flow, aggregation and dispersion properties of powders have potentially huge 
financial significance to industry, and therefore the capacity to predict these 
properties is of great interest. Bracken (1997) expands on this theme, stating 
that the level of water vapour in air or other gases affects a vast range of 
physical, chemical and biological processes and, in industry, can impact on 
t costs, production quality and health and safety.
1
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Morphological changes, e.g. recrystallization and sintering, can occur when the 
particulate material exhibits solubility and has interacted with water, influencing 
bulk mechanical properties (see Tardos, 1996 for examples). Even for insoluble 
particles the interparticle adhesion resulting from capillary condensation will 
have a significant impact on the behaviour of powders. Mehrotra and Sastry 
(1980) highlight the technological significance of capillarity by listing a number of 
applications, including the aforementioned flow behaviour and tensile strength of 
granular materials.
The mixing of trace quantities of materials in fine powders is important in a 
number of industrial formulations, such as the production of pharmaceuticals, 
stock feed, fertiliser, ceramic materials and treated soils. RH markedly affects 
the kinetics of mixing of fine powders and has been found to be a very important 
controlling factor (Karra and Fuerstenau, 1977). In principle, developing an 
understanding of the influence of RH on particulate solids could lead to 
improvements in powder mixing processes.
Dry powder inhalers are used increasingly as a means of self administering 
medicines in powdered form. Typically, only 10-20% (Podczeck et al., 1997) of 
the active drug particles reach their target site in the lungs. The remainder 
either fail to detach from the excipient particles, impinging on the back of the 
throat, or remain within the powder applicator. As production and administration 
of such devices involves exposure to ambient air, a deeper understanding of the 
influence of RH on interparticle adhesion would have an impact on their design 
and efficiency.
A novel and effective method of drug delivery is through entrainment in a 
supersonic gas stream1. However, an increase in particle size, e.g. through 
agglomeration, will certainly compromise the performance of the device. 
Knowledge of particle-particle interactions is required to ensure successful
1 PowderJect Pharmaceuticals PLC., 4 Robert Robinson Avenue, The Oxford Science Park, 
Oxford, 0X4 4GA, UK.
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formation of the payload, thus contributing to the tight control of device 
performance necessary to take a medical product to market.
In general, advances in the understanding of particle behaviour are key to the 
future competitiveness of a broad range of industries.
1.2 Significance of the problem to be considered
Interparticle forces are most significant when considering fine powders ( 0  
particle < 100 ^m), where the adhesive force is often greater than the particle 
weight The force measured between fine particles is very small (typically, less 
than several micro-newtons) and acts over a comparatively short distance (up to 
several hundred nanometers). As a consequence, the measurement of 
interparticle force requires very sensitive instrumentation.
One approach is to sum the interactions of many particles in order to obtain a 
measurable value. However, data on single particle interactions inferred from 
experimental measurements of bulk behaviour are of limited value as they can 
mask significant phenomena that occur on the microscale. In order to improve 
the performance of powders during processing and use, advances in microscale 
phenomena must be made (Clift, 1994). This is endorsed by Pollock (1994) 
who remarks upon an urgent need for the pursuit of direct force measurements 
at the level of an individual particle.
According to Sutton (1976), there are three factors to be taken into account 
when considering the effect of microscale phenomena on powder flow.
i) the interparticle forces
ii) the 3-dimensional shape of the particle
iii) the geometrical interaction of the particles resulting in a packed structure
3
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The present study focuses on the microscopic phenomenon of interparticle force 
and the influence of the RH of the surrounding air. - Particles of spherical 
geometry are used in this study. This is expected to simplify particle shape 
effects (point ii, see previous) when attempting to infer bulk behaviour from 
single particle data.
In recent years with the rapid growth in computational power, the numerical 
technique of Distinct Element Analysis (DEA) has shown great potential in being 
able to predict bulk powder behaviour based on fundamental particle properties, 
see for example Ning et al., 1997. O f the three factors identified by Sutton 
(1976) above, the latter two are relatively easily accommodated by DEA. 
However, the most vital and elusive information relates to the interaction laws 
that are assigned to the particles and determine the interparticle force.
Conventionally the interparticle force is fixed by an arbitrarily chosen value of 
the surface free energy. This provides a value for the normal adhesive load 
once the contact area is determined from a suitable model. Advances in the 
knowledge of interparticle force and its controlling parameters are therefore 
likely to make the DEA modelling approach more realistic.
1.3 Outline of the thesis
Following the introduction, the main body of the thesis begins with Chapter two: 
a review of the literature, detailing experimental and theoretical work concerning 
the behaviour of particles and powders subjected to air at various levels of 
humidity. In addition, methods for the direct measurement of interparticle force 
are reviewed, focusing on the Atomic Force Microscope (AFM) as a basis for 
the design of a custom instrument to satisfy the experimental requirements of 
this study.
Chapter t: Introduction
Chapter three documents the main features of the instrument design, including 
details of the custom software written to acquire, process and display the 
experimental data. Schematic diagrams are included to display the paths of 
data flow through the instrument, along with drawings and photographs showing 
the instrument layout.
Experimental details are provided in Chapter four. Surface preparation 
techniques are described, as is the procedure for mounting an individual particle 
( 0  particle approximately 40 jum) on the underside of a commercially available 
AFM cantilever spring. The procedures for adhesion measurements and in-situ 
calibration of the sample piezo displacement, necessary to establish reliable 
force-separation data, are documented.
Chapter five presents force measurement data for the three materials studied; 
soda-lime glass, amorphous quartz and gold. Adhesion data are displayed as a 
function of relative humidity and complimented with individual force curves 
representative of each interaction.
Chapter six discusses the experimental results. Comparisons are made with 
previous experimental and theoretical work and mechanisms proposed to 
explain the observed behaviour. An error analysis is performed to identify and 
quantify the uncertainties associated with measurement of adhesive force using 
the custom instrument employed in this study.
-Conclusions are made in Chapter seven relating to the present work. In 
addition, recommendations are proposed for future work to compliment 
experimental data and enhance the performance of the custom instrument. This 
is followed by the bibliography and finally, appendices providing i) an exposition 
of fundamental theory describing adhesion due to capillary condensation, ii) a 
description of the numerical technique used to solve the exact profile of a 
capillary bridge and iii) the operating procedure of the instrument.
C h a p t e r  2
A  R e v i e w  o f  t h e  l i t e r a t u r e
2.1 Introduction
This Chapter is divided into three main sections. Section 2.2 examines 
experimental evidence found in the literature regarding the interplay between 
relative humidity and interparticle force. This evidence has been used to identify 
the important parameters for this investigation. There are a number of apparent 
paradoxes in the literature, however important parameters would seem to 
include surface roughness, surface chemistry and the nature of adsorbed layers. 
The literature review of experimental work has therefore been arranged under 
these headings accordingly.
In Section 2.3, the literature is reviewed to consolidate theoretical approaches 
pertaining to the influence of relative humidity on interparticle force. Where 
possible, calculations are made using parameters defined by the system under 
investigation to contrast with experimental data presented in Chapter 5. 
However, in many cases the necessity for numerous input variables describing 
the liquid bridge precludes a quantitative approach.
Finally, Section 2.4 outlines methods employed for the direct measurement of 
interparticle force, examining in detail the Atomic Force Microscope (AFM) and 
its principal components. The information documented in the literature is 
assimilated and condensed to provide valuable guidelines for the design of force 
instrumentation based on AFM technology.
Chapter 2: A review of the literature
This section identifies experimental work reported in the literature, examining 
the dependence of particle-particle interactions on changes in relative humidity 
(RH) of the surrounding atmosphere.
When dry powders are exposed to the surrounding atmosphere, adsorption of 
water molecules takes place on the particle surface. The extent of adsorption 
will naturally depend upon the RH, system temperature and the chemical and 
physical nature of the surface. The presence of adsorbed water modifies the 
interactions between particles and has an effect on a number of process 
operations, e.g. fluidization, tabletting, agglomeration, conveying of powders and 
hopper flow. As stated by Simons et al. (1994), the presence of an adsorbed 
moisture layer may be beneficial or deleterious depending on when and where it 
occurs within a process.
The significance of RH in powder processing is stressed by Harnby et al. 
(1996a), who comment that small changes in RH can produce a drastic change 
in powder cohesion, leading to loss of process control. Problems encountered 
with high humidity in a process environment are summarised by Harriman and 
Simkins (1997). They discuss the respective benefits of dehumidification 
methods where process air is passed either through a desiccant wheel or cooled 
to provoke condensation. However, these techniques will only work well when 
• the unit operation is performed within a confined space, e.g. the fabrication of 
semiconductors within a clean room.
By analogy, the interaction between particles in a humid environment can be 
extended to the contact between the read/write head and disk in computer disk 
drives. This issue has been addressed both by Gao et al. (1995), and Tian and 
Matsudaira (1993) where the contact geometry of the read/write head against
2 . 2  E x p e r i m e n t a l  w o r k
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the disk is approximated to that of a model particle against a surface (sphere on 
flat).
Condensation of water vapour over the disk and head slider surfaces results in 
the formation of meniscus bridges around the asperity contacts at the head-disk 
interface. The meniscus contribution to the friction between head and disk is 
sufficient to cause the head and slider to stick. Consequently, attractive forces 
between the head and the disk must be minimised to improve disk performance. 
To this end the disk surface is roughened in an attempt to reduce the capillary 
and other contact forces at the expense of disk durability.
2.2.1 Dependence of RH effects on a number of variables
Harnby et al. (1996a) review some experimental attempts to characterise the 
effect o f RH on cohesion by studies on both single particles and bulk powder 
samples. Their main conclusion is that large discrepancies exist between the 
findings of various workers. Aside from differences in measurement techniques, 
they attribute these discrepancies to the large number of system variables. In 
accord with Sutton (1976), significant variables are thought to be the chemical 
nature of the surface, particle size, shape and surface roughness.
The exact effect of adsorbed moisture on interparticle force is not 
straightforward, and depends on factors such as the thickness of the adsorbed 
layer, the surface roughness, the surface chemistry and the contact geometry. 
Evidence relating to these factors will be explored in the following text.
2.2.2 Critical relative humidity
It is often reported that a critical relative humidity exists above which capillary 
condensation occurs at the interparticle contact points. The reduced pressure 
inside the capillary coupled with the surface tension of the capillary neck 
effectively clamps the particles together resulting in a significant increase in
8
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particle adhesion. The theoretical aspects of capillarity are explored in Section 
2.3.
Schubert (1984) states that when a bulk material is in contact with moist air, 
water vapour is appreciably adsorbed and forms adsorption layers. If the 
humidity approaches saturation then capillary condensation will occur and 
moisture will be present in the form of liquid bridges at the contact points 
between particles.
The onset of capillary condensation is thought by Schubert to occur in the range 
p / p o 1 = 0.6 - 0.85, where p is the partial pressure and p0 is the vapour pressure. 
This agrees roughly with the work of Harnby et al. (1987), who observe capillary 
condensation to occur in the range p/p0 = 0.5 - 0.9 from bulk density 
measurements made on glass ballotini of different size fractions (diameter, 45 - 
125 pm). They state the critical relative humidity, i.e. the humidity at which liquid 
bridge bonds are initiated and cause an incremental increase in the structural 
strength and cohesivity of the powder, to be approximately 60%. However, 
Turner (1974) quotes values of 65% (Zimon, 1969) to 80% (McFarlane and 
Tabor, 1950).
Zimon found the force of adhesion of 20 - 200 pm spherical dust particles to a 
glass surface to remain the same over an RH range of 5 - 65%, but above an 
RH value of 65% the adhesion increased with increasing RH. This appears to 
contradict the work of Chikazawa et ai. (1981), who find adsorption layers 
already to exist in the range p/p0 < 0 . 5  and influence the interaction forces. 
Above this value it is assumed that liquid bridges develop, as water vapour in 
the surrounding atmosphere condenses around surface contact sites.
It is apparent, as concluded earlier by Harnby (1996a), that there exists some 
disagreement between workers as to the point at which relative humidity begins
1 The relative humidity (RH) is unambiguously defined as the ratio of the partial pressure of 
vapour to the saturated vapour pressure
9
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to exert an influence on interparticle adhesion. The term ‘critical relative 
humidity’ should be regarded with caution as experimental evidence suggests it 
to be system specific, e.g. the work of Teunou et al. (1999) who report critical 
humidity values ranging from 33 - 66% for four different food powders (flour, 
milk, tea and whey). They refer to the critical relative humidity also as the 
caking point, and define it to be the point at which particles in equilibrium with 
the surrounding relative humidity stick together. It is likely that the arbitrary 
nature of this definition will contribute to the range of values quoted by Teunou 
et al..
2.2.3 Early measurements of adhesion between particles
The first clues as to the influence of relative humidity on the force between 
surfaces came to light towards the end of the 1920's. Stone (1930) made a 
qualitative study of the adhesion between pairs o f glass spheres (diameter 1 -  2 
mm) suspended on silk threads. He noted a significant decrease in adhesion 
when conducting the experiment in dry air, compared to the adhesion observed 
in ambient air. The difference was attributed to the presence of adsorbed water. 
From his adhesion observations he also inferred that adsorbed moisture could 
be removed from the spheres by a current of dry air, provided the beads are 
separated. If the beads are in contact then adhesion still persists in spite of the 
dry air flow. This observation has implications for the storage and drying of 
static bulk powders. It is unfortunate that Stone made no report o f relative 
humidities or force values for his otherwise carefully conducted experiments.
Tomlinson (1928, 1930) conducted studies of the adhesion between pairs of 
quartz fibres and pairs of glass spheres by measuring the deflection of the 
fibres. He studied freshly formed surfaces in a vacuum, and noted that on 
exposure to the atmosphere the surfaces lost most of their adhesion in a few 
hours. He attributed the loss in adhesion to the accumulation of contaminating 
matter from the air, reducing the surface energy of the solid surfaces. The 
striking difference in the trend between the observations of Tomlinson and
Chapter 2: A review of the literature
Stone no doubt stem from Tomlinson’s use of vacuum, which will maintain much 
higher surface energies compared to the dry air conditions of Stone.
Bradley (1932) used a spring technique to study adhesion between two spheres 
of quartz. In contrast to the findings of Tomlinson, Bradley reported the 
adhesion to be independent of whether the measurement was made in a 
vacuum or in air. Experiments were also conducted with freshly fused sodium 
pyroborate (NaaE^Oz) spheres. The adhesion in air was found to be about twice 
that of quartz. Furthermore, in a vacuum the adhesion was observed to drop to 
about a third of its value measured in ambient air. The high value of adhesion in 
air was attributed to the adsorption of water. The difference between the 
adhesion of quartz surfaces and borate glass surfaces is most likely due to the 
glass being more hydrophilic than the quartz. In the work of Stone, Bradley and 
Tomlinson it is unfortunate that no values of RH were quoted.
McFarlane and Tabor (1950) performed a systematic study of the influence of 
relative humidity on the interaction between a spherical glass bead on a glass 
plate, using a pendulum technique similar to that of Tomlinson (1928). They 
produced direct verification of the expression for the adhesive force F;
F - 4tR/lvCos 0 (2.1)
In Equation (2.1), R is the particle radius, ylv the surface tension of the 
condensed phase and 9 the liquid-solid contact angle (see Section 2.3),
■ between a sphere and a flat with a thin film of liquid interposed by studying the 
influence of particle size. This expression is fundamental to the theoretical 
treatment o f adhesion due to capillary condensation and an exposition can be 
found in Appendix 1.
Equation (2.1) was observed to apply at or dose to 100% RH. The value of the 
surface tension for the air-water interface, calculated from the graph of adhesion
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vs. R, was determined as 67.3 mJ.m"2 which is less than the recognised value of 
72.7 mJ.m'2. The discrepancy was attributed to a systematic experimental error.
For McFarlane and Tabor’s system, the adhesion was negligible at low RH 
values, only displaying a notable increase at around 80% RH. This increase 
was shown to correspond closely to a notable increase in experimental values 
for the adsorbed film thickness of water on glass. It is interesting that the 
maximum adhesion was observed to occur at RH values of 88% for glass-on- 
glass, even though the adsorbed film thickness was shown to carry on 
increasing until complete saturation was attained.
A range of detailed studies of the influence of RH on adhesion were made by 
Zimon in the 1960’s and early 1970’s. These have been translated and 
summarised by Zimon (1982). Zimon characterised adhesion between glass 
spheres coated on to flat glass surfaces by the extent o f particle detachment 
either in a centrifuge or by applying force via a pulsed vibration (see also 
Section 2.4 for further discussion on experimental techniques used to measure 
interparticle force). This yielded an ‘adhesion number1, defined as the ratio of 
the number of particles remaining on the surface after an applied load, to the 
number of particles originally present
Zimon’s experiments showed that there was little change in adhesion over the 
range 5 -  50% RH. Above 50% RH Zimon noted a marked increase in 
adhesion. By comparison of experimentally determined values of adhesion with 
• values predicted from Equation (2.1), Zimon concluded that over the range 50 -  
65% RH, capillary forces are only beginning to take effect, whilst above 65% 
they prevail over other force mechanisms.
2.2.4 Adhesion measurements using Surface Forces Apparatus
Further evidence relating to the fundamental nature of capillary menisci was 
gathered by Fisher and Israelachvili (1981) using the surface force apparatus
12
(SFA). This instalment and its applications to force measurement have been 
reviewed by Luckham (1989). The contacting surfaces comprise two crossed 
mica cylinders, giving a near perfectly smooth contact and geometry equivalent 
to a sphere on flat (see Section 2.4 for further comments on SFA).
Christenson (1988) found that the conclusions of Fisher and Israelachvili were in 
error in some instances by their use of a spring that permitted rolling and 
shearing of the surfaces in contact. The general trend observed by Fisher and 
Israelachvili, and Christenson, was that adhesion increased monotonically with 
increasing relative humidity, to a maximum value corresponding to the value 
predicted by Equation (2.1). Christenson identified this to occur at 70% RH, 
however this value appears to be very system specific given the experimental 
evidence of other workers (see earlier comments by Harnby et al, 1996a), 
depending on the hydrophilicity and roughness of the surface. This value is 
therefore somewhat arbitrary.
> In a virtually saturated atmosphere, Fisher and Israelachvili observed that upon
contact o f the surfaces, the adsorbed moisture films become displaced from the 
contact region leaving a residual monolayer o f molecules sandwiched between 
the solids. This evidence has implications when modelling the interaction 
between surfaces. It is worth noting that surfaces used in these experiments 
had a smoothness verging on the atomic, and are consequently a significant 
departure from real particle systems.
The agreement between theory and experiment implied that the adhesion was 
dominated by the reduced Laplace pressure in the meniscus. Any other 
possible contributions to adhesion were negligible, i.e. solid-solid interaction, 
electrostatic double-layer force, disjoining pressure1 or the resolved component 
of the surface tension in the liquid neck. None of the authors attempted to 
address the adhesive mechanisms prevailing at lower RH values, prior to the 
onset o f capillary formation.
Chapter 2: A review of the literature
1 For an exposition of disjoining pressure see Derjaguin (1987) and israelachvili (1992).
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The issue of prevailing adhesion mechanisms prior to the onset of capillary 
condensation has been addressed by Chikazawa et al.. (1984). They used an 
electrobalance to measure the adhesion between surfaces of Pyrex glass, soda- 
lime glass, KCI and KBr. The contact geometry was configured to be that of 
sphere on flat. The alkyl halide samples first showed adhesion at an RH of 
20%. As the RH was increased, a sudden increase in adhesion was observed 
at around 60%, dropping sharply off again at a RH of 70%. A  similar event 
occurred for the glass samples although the onset of adhesion was not detected 
until RH = 40%, and the peak adhesion occurred between an RH of 70% and 
85%. These peaks in adhesion are reminiscent of the data presented in 
Chapter 5.
In addition to measurements performed in air, the SFA has been used to 
conduct force studies in liquids (again see Luckham, 1989). Typically these 
experiments have been compared to theoretical predictions for the force- 
separation relationship elucidating a number of phenomena, e.g. electrostatic 
double layer repulsion, molecular ordering at surfaces and polymer interactions 
(see Isrealachvili, 1992). However, further discussion on forces in liquid media 
is beyond the scope of this present work.
2.2.5 Adhesion measurements using an array of particles
A  novel technique for measuring the adhesion force between an array of 
.individual particles and a flat surface has been developed by Harnby et al. 
(1996b). Several thousand particles of either glass ballotini or sand were 
painstakingly positioned in the apertures of an electroformed microsieve. The 
adhesive force between the array and a flat surface of brass, glass or stainless 
steel was measured to within 0.1 mg using a top pan balance.
The results for adhesion of glass ballotini on a glass surface at close to 100% 
RH lie between 2 and 3 orders of magnitude below that predicted by Equation 
(2.1). This is in contrast to the majority o f other workers who find at least
14
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relatively good agreement. It is therefore most likely that in spite of the careful 
efforts of Hamby et al. in the preparation of their array, -there would have been 
some deviation in the height of the protruding particles. This would cause a 
significant reduction in the number of contacts compared to the number of 
particles present in the array and hence is the most likely explanation for the low 
adhesion force measured.
In spite of the large discrepancy between theoretical and measured adhesion, 
the qualitative trends observed by Harnby et al. (1996b) are worthy of mention. 
For all conditions they observed an increase in adhesion with an increase in RH. 
The critical value of RH at which the adhesion increased markedly lay between 
60% and 90% which is broadly in agreement with the observations of Zimon 
(1982).
The effect of surface roughness (see also section 2.2.7) was also studied by 
Harnby et al. At close to 100% RH, sand particles contacting polished brass 
had only half the adherence of the same particles contacting roughened brass 
(4.4 jLim). They consider this to be due to an increase in the contact area for the 
angular sand particles with the roughened surface. This is thought unlikely 
because the difference only manifests itself close to 100% RH, whilst at all other 
values of RH there is no discernible dependence of adhesion on roughness. It 
is more likely that the roughened surface promotes water condensation 
compared to the polished surface, and that the increase in adhesion is a 
consequence of the increased amount of water on the surface available to form 
• capillary bridges.
The reverse trend was observed for glass ballotini on stainless steel. Smooth 
stainless steel resulted in significantly higher adhesion than roughened stainless 
steel. This trend was observed between values of 50% and 100% RH, 
suggesting that the roughened surface prevented effective contact between the 
glass ballotini and the adsorbed water layer, as previously identified by 
McFarlane and Tabor (1950).
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2.2.6 Adhesion measurements using an Atomic Force 
Microscope
The Atomic Force Microscope (AFM) is being used increasingly to study forces 
between surfaces (see Section 2.4 for an explanation of the apparatus). 
Mounting of a particle on the underside of an AFM cantilever (described in 
Section 4.4) enables measurement of the adhesive force between two ‘real’ 
particles (or a single particle and a substrate) in contrast to the smooth crossed 
mica cylinders integral to the SFA. However, the advantage of using actual 
particles is often countered by uncertainties in the contact geometry.
Uncertainties in contact geometry can be mitigated by scanning the particle 
surface. Schaefer et al. (1995) find an improvement in correlation between 
experimental measurements and theoretical predictions of pull-off force, for a 
system comprising a glass sphere contacting a mica substrate, when the 
theoretical contact geometry is modified to reflect micro-asperities identified 
upon scanning the particle surface. x
Sugawara et al. (1993) used an Atomic Force Microscope (AFM) to study the 
interaction between a standard Si3N4 probe tip and a mica surface. They 
measured the adhesion under ultra high vacuum (UHV) conditions and under 
ambient pressure with relative humidities o f between 23% and 65%.
Their data show a smooth monotonic increase in adhesion with increasing 
•humidity. The maximum adhesion they measure is about 1.7 x 10‘8 N (65% 
RH), whereas the adhesion calculated from Equation (2.1) is 2.3 x 10'8 N. The 
authors attribute the discrepancy to the surface roughness of the cantilever 
probe. This explanation is plausible as it is unlikely that the adsorbed moisture 
layer will be thick enough to cover asperities at 65%. Furthermore, agreement 
with Equation (2.1) occurs only for values > 70% RH for the very smooth 
surfaces used by Fisher and Israelachvili (1981) and Christenson (1988).
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Unfortunately Sugawara et al. make no mention of the contact angle, which 
would also influence tip-surface adhesion as predicted by Equation (2.1).
Tyrrell and Cleaver (1998) and Binggeli and Mate (1994) present adhesion 
versus humidity data collected using AFM apparatus. Interestingly, Binggeli and 
Mate claim that attraction at close to zero RH is due to capillary condensation of 
contaminants and residual water. Condensation is unlikely at such low partial 
pressures and attraction is more likely as a result of van der Waals and 
electrostatic interactions. At higher RH values they observe longer break-free 
lengths and claim this to be a measure of the size of the capillary meniscus that 
forms around the tip during contact. However, at a certain RH the adsorbed film 
will be sufficient to exhibit mobility. The break-free length therefore reflects the 
mobility of the film, as the surface tension in the capillary neck will draw more 
adsorbed water into the bridge as the tip and sample are separated.
2.2.7 Effect of surface roughness
We can expect the relative humidity (RH) at which capillary bonding occurs to 
vary with surface roughness (as well as surface hydrophobicity), given the 
findings of McFarlane and Tabor (1950).
McFarlane and Tabor report capillary bonding to occur when the adsorbed layer 
becomes sufficiently thick to cover surface asperities. This is inferred from the 
increase in magnitude of adhesion between surfaces The sensitivity of capillary 
bonding to surface roughness may provide an explanation for source of 
disagreement between workers as to the point at which RH begins to exert an 
influence on inter-particle force. We can also expect rough surfaces to promote 
adsorption through classical capillary condensation, provided the surface is at 
least somewhat hydrophilic (0 < 90°). Note that in McFarlane and Tabor’s 
experiments with glass, capillary bonding was not manifest until an RH of 80% 
was exceeded.
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They present data showing the decrease in adhesion between glass surfaces as 
the surfaces are roughened with coarser grades of carborundum paper, i.e. 
increasing the roughness will decrease the adhesion. This agrees with 
Unterforsthuber (1968) who has shown that a 2 nm local variation in height can 
lead to a reduction in adhesion by a factor of two.
The widely accepted principle on the effect of surface roughness on interparticle 
adhesion, is that adhesion falls as soon as the mean asperity height becomes 
comparable to the thickness of the adsorbed moisture film. Multiple asperity 
contact will then occur with an associated decrease in adhesion. From this 
premise, McFarlane and Tabor infer the thickness of the adsorbed film to be of 
the order of 100 nm at saturation.
It is interesting to note that application of the interplay between surface 
roughness adsorbed film thickness is not restricted to the realms of particle 
technology: Colbeck (1997) makes reference to the use of surface waxing (see 
section 2.2.8) and roughening to modify the glide characteristics of snow skis.
Coelho and Harnby (1978b) place surface roughness effects in context with 
forces other than capillary bonding. Asperities present on rough particles will 
tend to keep particles apart, increasing their separation distance and reducing 
the contribution of van der Waals forces, the magnitude of which decays 
according to an inverse square relationship with increased separation (see 
Section 2.3.1).
2.2.8 Chemical nature of contact surfaces
For any given relative humidity the quantity of water adsorbed on a surface is 
governed by the affinity between water molecules and the molecules comprising 
the surface. This affinity is commonly expressed in terms of 
hydrophilicity/hydrophobicity, and quantified by the contact angle made by water 
on the solid surface.
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A number of treatments have been applied to the particle surface in order to 
modify the surface hydrophobicity and examine the influence of the chemical 
nature of the surface on interparticle force. Zimon modified the hydrophobicity 
of one or both contact surfaces by adsorption of various chlorosilanes. 
Compared to uncoated glass, (adhesion numbers > 90%) when both surfaces 
were rendered hydrophobic, the adhesion number (see end of Section 2.2.3) 
dropped drastically to between 2% at 25% RH and 40% at 90% RH. When only 
one of the contact surfaces was coated the adhesion number lay roughly 
midway between the two above extremes. In all cases however the adhesion 
number was observed to increase monotonically with increasing RH. Values of 
the contact angle for water on uncoated and coated glass were given by Zimon 
as 30° and 80° respectively. Inserting these values into Equation (2.1) gives a 
reduction in adhesive force by a factor of 0.2 for the uncoated versus coated 
systems. This factor is in broad agreement with the difference in adhesion 
number presented by Zimon.
Harnby et al. (1989) found the closer packing of glass ballotini, associated with 
exposure to > 60% RH, to reduce significantly when samples were coated with 
two different water repellent materials (dimethyldichlorosilane solution and 
commercial car wax). Both treatments resulted in a contact angle of around 90° 
for a water droplet on treated glass slides. The drop in adhesion between 
particles, inferred from the reduction in packing density, supports the above 
trend observed by Zimon.
The final observation of Zimon (1980) that is noteworthy is his report of 
adhesion hysteresis with relative humidity. This phenomenon has also been 
observed by Tyrrell and Cleaver (1997). Generally the hysteresis takes the form 
of a higher adhesive force when moving from high to low humidity. This is most 
likely to be explained by reluctance of the water to evaporate from the 
microscopic valleys and pits that constitute the surface roughness.
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Experimental work can be identified in the literature examining the nature and 
growth of water layers adsorbed on solid surfaces. The contribution of an 
adsorbed water layer to the adhesive force between particles can be assessed 
by noting Visser’s comment on making particles hydrophobic (see previous 
section) and the subsequent reduction in force by a factor of 25 - 30.
Chikazawa et al. (1984) complimented their adhesion studies with measured 
adsorption isotherms of water on samples of the various materials studied. 
They concluded that there was insufficient coverage of water on the surfaces to 
facilitate capillary condensation at the onset of adhesion (20% RH for the alkyl 
halides, 40% RH for the glass samples). Between this point and the point at 
which adhesion was observed to peak, the authors proposed that hydrogen 
bonding was responsible for the interaction.
Hu et al. (1995), using an AFM technique, observe the growth of an adsorbed 
water layer on a freshly cleaved hydrophilic mica surface exposed to increasing 
humidity. The adsorbed water layer grows as a series of discrete 2 dimensional 
domains that expand and cover the entire surface when the humidity reaches 
approximately 40%. This may provide an insight into the incomplete liquid layer 
proposed by Chikazawa et al..
The peak adhesion observed by Chikazawa et al. (1984) between surfaces was 
thought to coincide with the adsorption of sufficient water to allow capillary 
bonding. No explanation was offered for the subsequent sharp drop in adhesion 
on increasing the RH. This is clearly at odds with the results of McFarlane and 
Tabor (1950), Zimon (1980) and Fisher and Israelachvili (1981).
Zimon observed in many cases that the adhesive forces at saturation were 
significantly less than the corresponding theoretical values calculated from 
Equation (2.1). He explained this phenomenon by the presence of a trapped
2 .2 .9  A d s o r p t i o n  o f  w a t e r
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film of water at the contact site, which exerts its disjoining pressure. At 
mechanical equilibrium a finite separation distance will be established 
determined by the magnitude of the disjoining pressure. Zimon proposed that 
large disjoining pressures can significantly reduce the adhesion. The presence 
of a disjoining pressure may account for the abnormally low value of the surface 
tension of the air-water interface observed by McFarlane and Tabor (1950), as 
well as the fact that the maximum adhesion was observed at 88% rather than 
full saturation.
According to McFarlane and Tabor, the degree of surface roughness (see 
Section 2.2.7) is a major parameter in controlling the amount of adsorbed water 
available for capillary condensation. Surface roughness can be expected to play 
an important part in the methodology of Chikazawa et al.. It would have been 
desirable to compare the magnitude of the measured force against that 
predicted for a condensed capillary using Equation (2.1). Unfortunately the 
authors provided insufficient information about the particle size and degree of 
hydrophilicity.
Coehlo and Harnby (1978) contrast the forces acting between surfaces at high 
and low humidity. Under dry conditions or at low (< 10%) humidity, the force 
between particles is due to a combination of van der Waals, electrostatic and 
frictional interlocking forces. An increase in humidity favours the adsorption of 
water molecules on the particle surface. Coehlo and Harnby attribute bonding to 
the overlapping of the adsorbed layers of neighbouring particles, with the 
strength proportional to the area of contact (see also the model of Rumpf, 1962, 
Section 2.3.7).
There are relatively few published isotherms for the adsorption of water on flat 
glass surfaces. Garbatski and Folman (1956) offer the following data, shown in 
Figure 2.0, for the adsorption of water vapour at relative pressures from 0.505 to
0.9976 on glass plates, measured by change in electrical capacity. The 
isotherm was measured at 30°C and the relative humidity was controlled by the
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use of salt solutions (Young, 1967). Dey (1998) has conducted experiments 
using a commercial AFM to determine thickness of adsorbed water layers and 
has shown the values presented by Garbatski and Folman to be overestimated. 
However, the trend demonstrated by the data in Figure 2.0 stands and 
compares well with other published isotherm data, e.g. Chikazawa et al. (1984).
Figure 2.0 Adsorption isotherm for water on flat glass plates at 30°C
Adsorption iostherm - water on glass,
Garbatslri and Folman (1956)
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2.2.10 Influence of relative humidity on electrostatic forces
One generally accepted fact is that the presence of adsorbed moisture 
eliminates or at least greatly reduces the effect of electrostatic forces between 
the particles. See for example Visser (1976) or Tsuyuguchi et al. (1994) who 
showed that the presence of an adsorbed water layer enhanced both the 
surface diffusion and dissipation of charge for contact electrified charges on a 
thin Si02 film in air. As a practical example of this phenomenon, damp air is 
sometimes used to combat disruptions in powder flow caused by electrostatic 
charging.
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Visser (1976) states that humidity eliminates or greatly reduces the effect of 
electrical forces, corroborated by Wan et al. (1992) who measured adhesive 
forces and surface charges for surfaces of mica and silica. High values of 
adhesion were observed during experiments in dry nitrogen when the relative 
humidity was between 1 and 2%. Upon increasing the RH slightly (still with RH 
< 10%) the adhesive force fell by about an order of magnitude to a value that 
corresponded to capillary bonding. The drop in adhesion coincided with a 
decrease in the time taken for electrical charge dissipation from the surfaces; 
the exponential decay time constant fell by about two orders of magnitude. It is 
interesting to note that for RH > 10%, the adhesive force corresponded to that 
predicted for capillary bridges.
As stated earlier, other researchers claim capillary condensation to be manifest 
when RH exceeds 50% (Zimon 1982). If capillary bridges are present in the 
experiments of Wan et al. at such low humidities, it is either a consequence of 
the surfaces being extremely hydrophilic, or having near-atomic smoothness. 
Electrostatic forces between particles are adversely effected by surface 
roughness, with edges and corners tending to assist discharge from the 
particles.
Turner and Balasubramanian (1974) calculate the contribution of electrical 
forces to the strength of an assembly of lightly compacted, small (45 - 90 pm 
diameter) glass beads for humidities ranging from 19 - 38%. It is conceivable 
that charges on particle surfaces are generated during handling. The authors 
• have showed both positive and negative charges to be present on the glass 
surface and calculate the electrical contribution for conducting and non­
conducting particles based on typical surface charge densities. They find the 
contribution to be, at most, about 6% of the observed value based on the 
measured tensile strength of the sample bed.
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2 . 3  T h e o r e t i c a l  c o n s i d e r a t i o n s
In this section the literature is reviewed to consolidate theoretical approaches 
pertaining to the influence of relative humidity on interparticle force. Where 
possible, calculations are made using parameters defined by the system under 
investigation, namely a sphere ( 0  40 jum) contacting a flat surface in the 
presence of humid air. However, in many cases the necessity for numerous 
input variables describing the liquid bridge, precludes a quantitative approach.
2.3.1 Contributing forces acting between particles
It is useful to summarise the contributing forces acting between particles and 
examine how they relate to the system under investigation. Addressing the 
granulation process, Sherrington and Oliver (1981) place the contributing forces 
acting between particles into the following categories:
• intermolecular attractive forces
• electrostatic forces
• solid bridges
• liquid bridge modes
Intermolecular attractive forces
The influence of van der Waals type forces decays with distance as described in 
Equation (2.2), making it very sensitive to surface roughness. Coelho and 
Harnby (1978) state that van der Waals type forces will only be significant for 
very fine powders. This is justified as the surface of many coarse powders, 
especially those formed by milling, can be considered rough with surface 
asperities tending to keep the particles apart.
Chapter 2: A review of the literature
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Tabor and Winterton (1969) measured the critical jump distance between 
crossed mica cylinders in order to identify the way in. which van der Waals 
forces vary with distance. An observed jump distance greater then that 
expected from van der Waals forces alone suggests other forces to be in 
operation, e.g. bonding due to adsorbed layers or capillary bridging.
For non-retarded van der Waals forces the attractive force F for a sphere on flat 
geometry is equal to
where A is the Hamaker constant, R is the radius of the sphere and H is the 
critical jump distance. If the beam is deflected by a distance x, then the 
restoring force according to Hooke’s law is k.x (see Section 2.4), where k is the 
spring constant. At equilibrium
Instability occurs if d(kx) < d(AR/6H2) and since dx = -dH this suggests that the 
surfaces will jump into contact when
Inserting the appropriate values for the system studied in the present work; A for 
fused quartz interacting across water = 0.83 x 10"20 J (Israelachvili, 1992), 
R = 20 x 1C6 m and k = 41 N.m'1, gives H ~ 1 nm. This implies that non­
retarded van der Waals forces will only instigate a jump to contact when the
From experimental results shown in Chapter 5, it is apparent that in many cases
-A R (2.2)
(2.3)
(2.4)
surface separation is of the order of 1 nm for a spring constant of 41 N.m'1.
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the attractive force is effective at a separation well in excess of this figure, 
typically several tens of nanometers.
Electrostatic forces
Electrostatic forces can be produced by interparticle friction, where only contact 
and not necessarily rubbing is needed to induce charging. Charge densities are 
reported to range from 10'10 - 1CT6 C.m'3. Electrostatic forces can help hold or 
orientate particles in a contact region long enough for other more substantial 
mechanisms to dominate. However, electrostatic forces will be expected to 
decay rapidly in a humid environment (see Section 2.2). Tsuyuguchi et al.
(1994) found an adsorbed water layer enhanced the surface diffusion of charges 
and provided the dominant mechanism of charge dissipation in air.
Solid bridges
Solid bridges may form where particulate material dissolves in the adsorbed 
layer of moisture bound to its surface. Upon super-saturation the dissolved 
material recrystalises to form a solid bridge between particles. This mechanism 
frequently leads to the phenomenon of powder caking which is a major problem 
in the process industries. However, glass, quartz and gold are all insoluble and 
consequently solid bridges are not expected to be a contributing force for the 
system under investigation.
Liquid bridge modes
Sherrington and Oliver (1981) identify three modes of liquid bridging:
i) adsorbed liquid layers on particles
ii) mobile liquid bridges
iii) viscous or adhesive binders.
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Viscous or adhesive binders are beyond the remit of this study and are therefore 
not considered further. The remainder of this section is divided into the 
following categories examining modes i) and ii):
• Laplace-Kelvin theory
• Pendular bridges
• The effect of contact geometry on capillary force
• Molecular theory
• Other theoretical approaches to modelling
• Empirical/semi-empirical models
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2.3.2 Laplace-Kelvin theory
The liquid bridge will be thermodynamically stable if its vapour pressure equals 
the partial pressure of the water vapour in the surrounding air. The vapour 
pressure of the liquid bridge can be described by the Kelvin equation,
Po
= exp m wpl
pRT
(2.5)
where Mw is the molecular weight of water, p Is the density of water, R is the 
gas constant, T is the absolute temperature and PL is the Laplace pressure in 
the liquid, defined as,
Pl =Y- I + _L
V fl r2.
(2.6)
Here, / is  the surface tension of the liquid and n and are the principal radii of 
curvature of the liquid bridge as defined in Figure 2.1. The Kelvin equation, as 
documented by Orr et al. (1975), predicts that the vapour pressure of liquid 
behind a surface having negative mean curvature is lower than that of a liquid at
27
Chapter 2: A review of the literature
the same temperature beneath a surface of zero mean curvature. Hence for a 
constant temperature, vapour with a partial pressure, equal to the ordinary 
vapour pressure will condense into a pendular ring. It is apparent that, with 
increasing relative humidity, liquid bridges will first form at points where the 
above equations can be fulfilled, i.e. liquid bridges will form where particles or 
adsorption layers are in direct contact.
Fisher and Israelachvili (1979, 1981) use Laplace-Kelvin theory to evaluate the 
capillary force between crossed mica cylinders as measured using the Surface 
Force Apparatus (see Section 2.4 for further details). The Kelvin equation 
relates relative humidity (RH) to the mean meniscus radius, which can in turn be 
used to calculate the strength of the liquid bridge as detailed below.
Fisher and Israelachvili test the validity of this approach given that the Kelvin 
equation is based on macroscopic thermodynamics, where the macroscopic 
concepts of density, surface tension and radius of curvature may not be 
applicable to systems whose interface have mean radii of curvature approaching 
molecular dimensions. The Kelvin equation was found to be applicable to 
menisci with a mean radius of curvature as low as 4 nm for organic liquids, e.g. 
cyclohexane.
In an earlier study, validated using a 250 j+m glass sphere on flat system, Cross 
and Picknett (1963) found water to obey the Kelvin equation for meniscus radii > 
4 |nm. Fisher et ai. (1981) pursued the study further, examining smaller radii by 
• observing the capillary condensation of water in a wedge between fused silica 
surfaces. The rearranged Kelvin equation, predicting mean meniscus radius, is 
corrected by subtracting 2Z where Z is the thickness of the adsorbed film on the 
fused silica surface. Their results show significantly improved agreement 
between measured and predicted meniscus radii when the adsorbed layer 
thickness is taken into account. Fisher and Israelachvili (1981) validated the 
use of the Kelvin equation with water as the liquid phase, for meniscus radii > 5 
nm.
Figure 2.1 Adhesion between a rigid sphere and a flat surface In the presence of an 
annulus of pure liquid
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The following equations (Fisher and Israelachvili, 1981) describe the case of 
adhesion between a rigid sphere and a flat surface in the presence of an 
annulus of pure liquid (see Figure 2.1).
F  = F(AP) + F(s - s )  + F(y  LV ) (2-7)
F(AP) = A t l R y i y  c o s #  (2.8)
F ( s -s ) -4 7 iR y  SL (2.9)
F(y  i y )  = 2nRy lysinfism/O ■¥([)) (2.10)
Where F(AP) is the force due to the Laplace pressure AP, F(s-s) is the solid- 
solid interaction across n-layers of condensed fluid molecules trapped between 
the surfaces when they are brought into contact, F(yiv) is the resolved force due 
to the liquid/vapour surface tension yt_v, R is the radius of the sphere, 9 is the 
solid-liquid contact angle, ySi_ is the solid-liquid interfacial free energy and (f> is 
as shown in Figure 2.1. Note that Equation (2.8) is synonymous with 
Equation (2.1).
Wanless and Christenson (1994) comment that the F(s-s) term is negligible 
when the surfaces are separated by more than two layers of liquid molecules.
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The implication, as stated by Wan et al. (1992), is that any intrinsic solid-solid 
interactions are effectively screened out by the presence of a liquid condensate. 
The final term, the resolved component of the surface tension around the 
perimeter of the condensate, can be neglected when the radius of the sphere R 
greatly exceeds the neck radius, so that (j) is small. Hence, Equation (2.7) 
reduces to Equation (2.8) for a reasonable approximation of the force F. This 
agrees with the earlier experimental work of McFarlane and Tabor (1950), who 
found the adhesion to be independent of the thickness of the liquid film and 
directly proportional to the particle radius, R. Their experiments were performed 
using glass beads of various radii, ranging from 0.25 to 1.0 mm, mounted on a 
sensitive pendulum-type apparatus (see Section 2.4). A detailed examination of 
Equation (2.8) can be found in Appendix 1.
As eluded to in Section 2.1, the thickness of the film should not be overlooked 
when investigating contacts between rough surfaces. The interplay between the 
asperity height and the thickness of the liquid film can influence the magnitude 
of adhesion between such surfaces, as thick films will cover many asperities and 
increase the effective contact area of the liquid bridge.
Schematic diagrams such as Figure 2.1, whilst excellent for describing bridge 
notation, mislead with regards to the proportions of the liquid bridge. Heady and 
Cahn (1970), Hotta (1974), and Lian and Thornton (1993) all detail expressions 
describing the exact profile of the liquid bridge. Using the procedure given by 
Hotta and adopting a truncated Taylor series, as suggested by Lian and 
• Thornton to numerically solve for the bridge profile, the bridge formed between a 
sphere-on-flat contact has been plotted for the system under investigation. The 
contribution of gravity has been neglected given the particle diameter is «  1 
mm (see Section 2.3.3). The influence of relative humidity on mean meniscus 
radius is incorporated through the Kelvin equation and the expressions detailed 
by Hotta are solved to ensure constant curvature along the bridge.
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Figure 2.2a Numerical solution for liquid-bridge geometry 
(see below for meniscus detail)
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A full description of the numerical technique is provided in Appendix 2, with input 
and output data summarised in Table 2.1.
Table 2.1 Input and output data (exact profile of liquid bridge)
Name Input Output Unit
Contact angle with particle 20 degrees
Contact angle with flat 20 degrees
Particle diameter 40 microns
Gas constant, R 8.314 J.lmor1
Molar volume H20, v 1.80E-5 m3.moi'1
Temperature 298 K
Surface tension H20, y 72.3E-3 J.rrr2
RH 90 %
Half filling angle 1.744 degrees
Capillary force 1.70E-5 N
Figures 2.2a and 2.2b show the resulting bridge profile plotted on axes 
normalised against particle radius. The red line marks the solid-liquid / solid-gas 
boundary of the sphere and the flat lies along y~0. Figure 2.2a is striking in its 
proportion.
The scale on Figure 2.2b allows the bridge profile to be viewed in greater detail. 
The distance between sphere and flat at the liquid-gas boundary is of the order 
of 9 nm for a 40 jum diameter particle (typical for the present study), highlighting 
the potential impact of surface roughness. Surface asperities would change the 
length scale from the macro-radius of the particle to the micro-radii of the 
asperity contacts, potentially reducing the resulting capillary force by several 
orders of magnitude. This analysis is in alignment with experimental results of 
other workers as described in Section 2.2.
The capillary force of 1.70x10‘5 N calculated as a summation of the capillary 
suction and surface tension components agrees well with the value, 1.71x1 O'5
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N, calculated using Equation (2.8) with the solid-liquid contact angle defined as 
20 degrees.
Fisher and Israelachvili (1981) introduce a framework to examine the effect of 
an adsorbed film on the capillary force. The solid-solid separation distance D is 
replaced by a term D-2Z, where Z is the thickness of the adsorbed film (see 
Figure 2.3). Crassous et al. (1993, 1994, 1997) attempt to develop the theory, 
applying it to the analysis of liquid bridge behaviour observed using surface 
force apparatus. However, their analysis is limited twofold, firstly, due to the 
absence of relevant adsorption data and secondly, the assumption of smooth 
surfaces excludes the analysis from examining roughness effects. As described 
earlier, the interplay between layer thickness and asperity height is thought to be 
significant for the formation of a liquid bridge. Zimon (1969) acknowledges the 
influence of surface roughness on capillary force (see page 212 of Zimon), 
augmenting the capillary force expression with a, a surface roughness 
coefficient.
Figure 2.3 Schematic of sphere on flat contact (Fisher and Israelachvili, 1981)
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Some modifications to the well established Equation (2.8) can be found in the 
literature. Zimon (1969) provides an expression for the wetting of contiguous 
bodies incorporating both the wetting angle made by the liquid on the flat and 
the wetting angle made by the liquid on the sphere. When both angles agree, 
the expression reduces to Equation (2.8). Erikksson et al. (1992) introduce an 
additional 1/sin(a) term to model capillary condensation taking place around the 
contact between cylindrical fibres crossed at an angle a.
The general expression as shown in Equation (2.8) has also found application in 
fields outside of particle technology. Gao (1997) applies Laplace-Kelvin theory 
to analyse the behaviour of magnetic head-disk interfaces, using a sphere-on- 
flat geometry to represent the read/write head and magnetic disk. A reduction in 
meniscus force is so critical that every magnetic disk surface is roughened, 
improving disk performance at the expense of durability.
So far, all expressions documented have neglected to account for gravity. 
Particles will experience a force due to gravity although, as observed by 
Schubert (1979), its contribution will not be significant for particle sizes 
d < 1 mm. This is confirmed by data of Rumpf (1974) who showed the influence 
of van der Waals and liquid bridge forces to be significantly greater than those 
due to gravity effects, as the particle diameter falls below 1 mm. The role of 
gravity is examined in the following text, as the pendular bridge is considered.
. 2.3.3 Pendular bridges
The liquid configuration between two equal spheres is known as the pendular 
bridge and has been the subject of numerous investigations. Fisher (1926) 
approximated the interparticle force resulting from the presence of the bridge, by 
considering the surface tension of the bridge liquid and its geometry.
34
Chapter 2: A review of the literature
Figure 2.4 Schematic representation of a pendular bridge between two spheres
Referring to Figure 2.4 for notation, the axial surface tension force acting at the 
neck is given by
F\ = 2nr2y (2.11)
while the hydrostatic force evaluated at the neck is
F2 = 7ir2 AP (2.12)
The reduced hydrostatic pressure within the bridge, AP, can be described using 
the Laplace-Young equation
AP = y ± + _ L
m  r2
(2.13)
where for a pendular bridge r2 is taken as negative in value, and hence
F2 = nyi\
n r2
(2.14)
The total capillary force is then given by
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(2.15)
The principal radii of curvature of the bridge, n and r2, can then be related to 
the radius of the sphere, R, and the sphere-sphere separation, a, to provide an 
expression allowing the generation of force-displacement curves. Unfortunately 
the analysis is often difficult to validate experimentally, due to the number of 
parameters necessary to satisfy the geometrical relationship between the liquid 
bridge and contact surfaces. As a consequence of the geometrical approach, a 
myriad of nomenclature has accumulated in the literature to describe the liquid 
bridge.
Simons et al. (1994) provide a brief historical overview of the development of 
pendular bridge theory. Mehrotta and Sastry (1980) expand with a detailed 
chronological summary, in a useful tabular format. Fisher (1926) deduced 
theoretically that both the tension in the air-water interface and the pressure 
deficiency in the liquid ring must be considered in calculating the total capillary 
force. For completeness a third component is also considered; the buoyancy 
force resulting from the partial immersion of the particles. This division of force 
into three components can also be found later in the literature as Princen (1968) 
presents a classical treatment of a liquid bridge between two spheres.
There exists some uncertainty as to where to apply the surface tension 
component of the force; i) at the neck of the bridge, or ii) at the 3-phase (solid, 
liquid, vapour) contact point. These options are discussed by Hotta (1974). The 
‘gorge method’ refers to the evaluation of capillary suction and surface tension 
forces at the neck of the bridge. Whereas the ‘boundary method’ refers to the 
evaluation of surface tension and capillary suction forces at the surface of the 
sphere, i.e. the capillary suction force acts over the projected wetted area.
Lian and Thornton (1993) derive the actual bridge profile (sphere-on-sphere) 
using equations also found in the work of Hotta (1974) and Heady and Cahn
F tq t ~ F\ + F2 = ti yr2 r\ + r2
n
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(1970). Lian and Thornton find the errors associated with adoption of the ‘gorge 
technique’ to be < 10% of those obtained using an exact numerical technique. 
This is in general agreement with Orr et al. (1975), who quote a figure of < 6.5% 
when both contact angles and the half-filling angle, </>, are small (<60° and <10° 
respectively). Hotta found the ‘boundary’ method to provide a better estimate of 
capillary adhesion force after performing a comparison against experimental 
measurements of a steel sphere ( 0  5 mm) against a glass plate.
The bridge profile is often approximated to that of a circle, thus simplifying 
calculations. Where the actual profile has been derived (Heady and Cahn, 
1970, Hotta, 1974) the circular approximation was found to be adequate for the 
description of liquid bridges between fine particles, i.e. < 100 pm in diameter. 
Heady and Cahn quote the associated error to be of the order of a few percent 
(± 4%) for volumes of practical interest.
The contribution of the buoyancy force for particles < 1 mm in diameter is not 
significant and can be neglected (Princen, 1968). This agrees with the work of 
De Bisschop and Rigole (1982) who conversely state that the effect of gravity 
must be taken into account for large bridge volumes and large particle sizes, i.e. 
particle diameter >' 3 mm. However, the resulting large filling angles rarely occur 
in practice due to packing constraints. This is illustrated by Couglin et al. (1982) 
who show for close and cubic packing of spheres, the coalescence of individual 
liquid bridges to occur at half filling angles of 30 and 45 degrees respectively. 
Mazzone et al. (1986), echoing comments made by Orr et al. (1975), provide a 
criterion for the introduction of a gravity term, showing gravity to have a 
significant effect when the Bond number (Bo = ApgR2//) is greater than unity. 
Again, this corresponds to a particle diameter in the region of 1 mm. For the 
system under investigation: Bo «  1.
The total force acting on two bodies connected by a liquid bridge will be 
dependent on their separation, the bridge volume, the surface tension of the 
liquid and the liquid-solid contact angle. Complicated geometrical constructions
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between bridge and particle often restrict analysis to ideal particle systems. 
Simons et al. (1994) consider smooth, rigid, equi-sized spheres with a zero 
liquid-solid contact angle. The volume of the bridge is solved using an iterative 
procedure, and used to determine the half-filling angle. This then allows 
calculation of the capillary force given expressions derived by Hotta et al.
(1974). The force decreases with increasing separation, for a constant bridge 
volume. Their data show a slight reduction in force with increasing bridge 
volume. Integrating the area under the force-separation curve gives a measure 
of the rupture energy of the bridge.
Fairbrother and Simons (1998) cast doubt on the use of the suction pressure 
term, F2=7ir22AP, in Equation 2.15. Video footage of the rupture sequence of 
liquid bridges indicates that where a reservoir of bridging liquid exists (held at 
atmospheric conditions), the pressure difference across the interface is zero and 
the bridge forms a catenoid. The special significance of the cate no id, a surface 
of zero mean curvature, is also mentioned by Princen (1969) and Orr et al.
(1975) for the case of a sphere and a plate. Fairbrother and Simons find good 
agreement between experimental and calculated values of adhesive force for 
their system, two glass spheres 116 pm in diameter each mounted on 
micropipettes held by micromanipulators, when the force is described only by 
the surface tension term: Fi = 27ir2y.
Theoretical expressions are typically validated against the work of Mason and 
Clark (1965) who measured the force between polystyrene spheres (15 mm 
diameter) suspended in water and bridged by an inert oil compound (a mixture 
of di-n-butyl phthalate and liquid paraffin). The spheres were loaded with lead to 
neutralise buoyancy forces. Agreement between models and experimental data 
is generally good, although it is questionable whether 15 mm particles provide a 
suitable validation for the much smaller size range typically encountered in 
particle processing applications. Force-separation data are presented as a 
function of bridge volume. The maximum force between sphere-on-plate is 
found to be twice that of sphere-on-sphere geometry, in agreement with the
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theoretical work of Coughlin (1982) and linoya (1967), as shown in Figures 2.5 - 
2.8 after the following text.
2.3.4 The effect of contact geometry on capillary force
A number of workers provide a theoretical framework suggesting that the 
adhesive force due to capillary condensation is strongly influenced by the 
contact geometry between asperities. Two abstract configurations are 
presented: sphere-on-flat and cone-on-flat, the former representing idealised 
particle contact and the latter asperity contact.
Coughlin et al. (1982) and Elbirli et al. (1980) detail expressions predicting 
diametrically different influences of adsorbed moisture dependent on contact 
geometry. Their approach incorporates the Kelvin equation: relating the 
equilibrium vapour concentration of the condensable component in the gas 
phase to the extent and geometry of the capillary-condensed liquid within the 
region of particle contact.
They consider the capillary condensed liquid between two identical, spherical, 
solid particles of radius R which are perfectly wetted and non-porous. Gravity is 
neglected and the liquid-vapour interface is assumed to be circular (see circle 
approximation, earlier). The principal radii of curvature are determined for a 
given relative humidity using the Kelvin equation and a geometrical relationship 
• invoked to describe the system, i.e. the solid-liquid contact angle, particle radius 
and meniscus radii. Although simplified, the approach is valuable due to its 
accessibility.
Figures 2.5 and 2.7 show plots of adhesive force vs. relative humidity, 
calculated using the model of Coughlin (1982). Figures 2.6 and 2.8 show plots 
of adhesive force vs. relative humidity using the model of linoya (1967).
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Figure 2.5 Sphere-on-sphere (Coughlin, 1982), particle diameter 0.2 pm
Figure 2.6 Sphere-on flat (linoya, 1967), particle diameter 0.2 pm
Surface tension force acting at the neck 
Capillary suction force acting across the neck 
— — Total force
20 40 60 80
Relative humidity I %
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Figure 2.7 Sphere on flat (Coughlin, 1982), particle diameter 40 pm
Relative humidity / %
■ Surface tension force acting at the neck 
■Capillary suction force acting across the neck 
■Total force
Figure 2.8 Sphere on flat (linoya, 1967), particle diameter 40 pm
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The assumptions of the linoya model are similar to those of Coughlin, except 
that allowance has been made for different sized spheres. Hence, by setting the 
radius of one sphere to infinity, the impact of sphere on flat contact geometry 
can be examined.
Table 2.2 Input parameters for models of Coughlin (1982) and linoya (1967)
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Parameter Value Unit
Particle diameter, D 0.2, 40 pm
Gas constant, R 8.314 J.kmol'1
Molar volume H20, v 1.80E-05 m3.mor1
Temperature, T 298 K
Surface tension H20, y 7.23E-02 J.m'2 (N.m'1)
After correcting for a typographic error1 in the expression relating the external 
meniscus radius to the solid liquid contact angle and mean meniscus radius, the 
plotted results shown in Figures 2.5 and 2.7 are in agreement with those in the 
published paper. The model of linoya (1967) mirrors the trends seen in the 
Coughlin (1982) plots and demonstrates the total capillary force between 
sphere-on-flat contact to be twice that of sphere-on-sphere for particles of the 
same size.
The relative contributions of the capillary suction component and the surface 
tension component are striking for contacts between particles less than 1 pm in 
diameter. However, the significance of this general reduction in total capillary 
. force with increasing relative humidity is muted for particle diameters used in the 
present experimental study (typically 30 - 40 pm). For these larger particle 
diameters, the total capillary force shows almost no variation with relative 
humidity and is at a value in accordance with Equation (2.8).
Coughlin et at. (1982) develop their approach by considering condensed liquid 
within the region of particle contact between a solid cone and a flat plate. An
1 The numerator in Eq. 9 should read, (3+4krcos0-(9+8krcos0)1/2)
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expression is presented, again using geometrical relationships detailed in the 
appendix of their paper, relating the force in dimensionless form to the cone 
half-angle and the solid-liquid contact angle.
Dramatically, and contrasting with the sphere-on-sphere model, the total force 
between a conical asperity and a flat surface increases for all cone half angles 
with increasing RH, or as the size of the meniscus increases. The different 
behaviour of spherical and conical contact points can be explained by isolating 
the contribution made to the total force by the capillary suction term. As the 
liquid bridge grows by condensation at the point of contact, the principal 
meniscus radii are affected differently depending on the nature of the geometry,
i.e. spherical or conical. Such trends in adhesive force can be observed when 
comparing the shear strength of glass beads and amorphous silica (Elbirli et al., 
1982). The shear strength of glass beads can be seen to decrease with 
increasing RH, where as the shear strength of amorphous silica, whose contact 
points are considered to resemble conical apexes as opposed to the sphere-on- 
sphere contacts expected with glass beads, increased with increasing RH.
The earlier theoretical work of Heady and Cahn (1970) corroborates that of 
Coughlin etal. (1982) eluding to the interplay between liquid volume and contact 
geometry on the adhesive force between particles. Heady and Cahn find the 
normal force between two spheres to be at a maximum for infinitesimal liquid 
volumes, in contrast to corner on plane geometry where it is zero, rising rapidly 
with increasing bridge volume.
Finally, Coughlin et al. (1982) readily accept that for RH < 30%, the domain of 
condensed liquid approaches molecular dimensions invoking discussions on the 
validity of such an approach at low humidity (see Section 2.3.2)
2.3.5 Molecular theory
Frink and Swol (1997) incorporated a non-local density functional theory to 
predict the pull-off forces with the surface force apparatus, i.e. sphere-on-flat 
geometry. A molecular theory was adopted to account for surface adsorption 
and the non-uniform nature of fluids confined between surfaces. The underlying 
interaction potentials are a 12-6 Lennard-Jones potential for fluid-fluid 
interactions and a 9-3 Lennard-Jones potential for the fluid interacting with the 
surfaces. Direct wall-wall (or solid-solid) interactions are also included to 
account for the case of no intervening solvent at the point of closest approach.
Curves showing the variation in pull-off force with relative pressure (p/p0) are 
presented. The overall shape of the curve varies considerably depending on 
the relative strength of the interactions: wall-wall, fluid-fluid and fluid-wall. When 
wall-wall interactions dominate, i.e. no adsorbed layers intervene at the point of 
closest approach, the sphere and plate are always in contact regardless of the 
relative pressure, giving an approximately constant pull off force. When fluid 
interactions dominate, the pull-off force rises from the origin to a maximum value 
at p/po = 0.2, falling gradually to the Laplace-Kelvin value as saturation 
approaches. Finally, when fluid and wall interactions are in competition, the 
Laplace-Kelvin value is reached gradually as saturation approaches.
These features provide a qualitative insight into the competition between wall- 
wall, fluid-fluid and wall-fluid interactions. However, their sensitivity to changes 
in the various interaction parameters indicates the need for validation against 
experimental work.
2.3.6 Other approaches to the modelling of capillary bonding
Derjaguin (1961) adopted a rigorous thermodynamic approach to investigate the 
influence of liquid films on adhesion between particles. A sphere-on-flat
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geometry was assumed, incorporating the influence of relative humidity through 
use of Kelvin equation, relating RH to the change in chemical potential. The 
effect of layer thickness is included in his approach, although the analysis is 
generally restricted by the requirement for comprehensive isotherm data.
Qualitative predictions regarding the effect of adsorbed layer thickness and 
asperity height on interparticle force can be made upon examination of the 
following equation proposed by Derjaguin
f f — , = i r {H 0 ~ 2h) (2 -16)riilnp) Vm
where F is the adhesive force, R is the particle radius, H0 is the separation 
distance, h is the adsorbed layer thickness, Vm is molar volume of water and p is 
the relative vapour pressure. From the right hand side of Equation (2.16) it 
follows that if
H0> 2 h  (2.17)
the adhesive force should increase with an increase in vapour pressure, whilst
H0<2h  (2.18)
corresponds to a decrease in adhesive force approaching saturation and would 
represent a fully formed liquid bridge. This latter case agrees with the 
predictions of Coughlin (1982) and linoya (1967) plotted earlier (Figures 2.5 to 
2.8). In practical terms, condition (2.17) is likely to occur if the surfaces are 
poorly wetting, reducing h, or if the surfaces are rough or damaged, increasing 
H0.
Dobbs et al. (1992) provide a theoretical framework for future development. As 
with the work of Derjaguin, a thermodynamic approach is taken, considering the
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adsorption of van der Waals fluids on to a substrate of two adjacent spheres. 
The interfacial energy, i.e. the surface area of the interface multiplied by the 
liquid-gas surface tension, of two neighbouring spheres of radius R and 
separation D is calculated and minimised using forth-order Runge-Kutta 
methods. An increasingly thick film covers the spheres as the chemical 
potential decreases. The liquid layers remain separated until the change in 
chemical potential (Ap) is sufficiently small to allow the formation of a liquid 
bridge between the two spheres.
A liquid bridge forms whenever the free energy increase due to absorbing the 
unfavourable dense fluid is countered by a reduction in surface area. The force 
between the spheres is given by the variation of free energy with separation D. 
Unfortunately no data are presented by Dobbs et al..
2.3.7 Empirical/semi-empirical models
Empirical or semi-empirical models by definition have their foundation in 
experimental observation, rather than invoking a theoretical approach (whether 
it be mechanistic or stochastic). They are of great use particularly when 
describing complex phenomena. However, caution must be exercised when 
attempting to use an empirical model to predict behaviour beyond the scope of 
the original set of observations.
•Schubert (1996) presents a strength model relating the mean adhesion force 
transmitted at a contact point to the tensile strength of a bulk material in contact 
with moist air. The model assumes equal-sized spheres and is based on the 
condition of the void space between particles, i.e. unfilled, partially filled and 
completely filled, as a function of saturation (the relation between void volume 
occupied by the liquid and the total void volume). Schubert acknowledges that 
the model statements are restricted, in some cases considerably, by the 
difficulty in accounting for particle size and shape distributions.
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Turner and Balasubramanian (1974) measure the tensile strength of lightly 
consolidated beds of dry, small, spherical glass beads (diameter, 45 - 90 j+m), 
comparing the results to the tensile strength model of Rumpf (1962). The model 
of Rumpf is based on the nature of the force, i.e. van der Waals, electrostatic 
and adsorbed layer bonding, between individual particles and the void fraction of 
the assembly of particles. Turner and Balasubramanian use the model of 
Rumpf to assess the magnitude of the contribution of van der Waals, 
electrostatic and forces due to adsorbed layer, to the overall bond strength. 
They find that Rumpfs model only accounts for a small proportion of the 
measured force. Consequently, they conclude that the relative contributions are 
small and the major contribution to the overall force to be mechanical in origin: 
friction, interlocking and arching. Difficulty is found in providing an estimate of 
this force by direct means.
Schubert (1984) points out how strength models for low levels of saturation fail 
to reflect any transition from adsorbed layer bonding to the formation of liquid 
bridges. Rumpf (1962) proposed a model for the case where particles just touch 
at the adsorbed layer boundary. The model is summarised by the following 
equation for a sphere on a flat surface. Considering the sphere-on-flat geometry 
the taddp term simply relates to the area of overlap between the adsorbed layers.
F — ntad.dp<Jcoh (2.19)
Here F  is the mean bonding force at the point of contact, tad is the adsorbed 
layer thickness, dp is the particle diameter, and crcoft is termed the “cohesive 
strength”. Coehlo and Harnby (1978) define the “cohesive strength” as the 
tensile strength of the adsorbed film. This is given a value by Rumpf of 9.8x106 
N.m"2 for water.
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2 . 4  I n t e r p a r t i c l e  f o r c e  m e a s u r e m e n t  a p p a r a t u s
2.4.1 Experimental methods
Interparticle forces are most significant when considering fine powders ( 0  
particle < 100 jum), where the adhesive force is often greater than the particle 
weight. However, the force measured between fine particles is very small (less 
than several micro-newtons) and acts over a comparatively short distance (up to 
several hundred nanometers). Therefore, the measurement of interparticle 
force requires very sensitive instrumentation.
Several authors (Krupp 1967, Visser 1976, Zimon 1982, Luckham 1989, 1997, 
Claesson 1996) review techniques and apparatus for the measurement of 
interparticle force. Measurements on the bulk material itself rarely elucidate the 
prevalent mechanisms. Measurement techniques employing assemblies of 
particles do not lend themselves to the study of some experimental parameters, 
e.g. particle size and shape, due to the difficulty in obtaining a homogeneous 
sample. In addition, as highlighted by Harnby et al. (1987), compaction of 
powder for bulk particle measurement can alter the nature of contacting 
surfaces and sample preparation is often difficult for highly cohesive powders. 
Consequently, of primary interest are direct methods that measure the 
separation force acting on individual particles. Harnby et al. (1996a) provide a 
useful summary in tabular form.
Pendulum (or gravity) method
In 1922 Stone measured the adhesion between glass beads (diameter ~ 1 mm), 
one suspended from a glass fibre fused to its end and the other attached to a 
micrometer. The use of a micrometer to control separation limited the study to 
the use of relatively large particles. McFarlane and Tabor (1950) also used a 
similar device to measure the normal adhesion between a spherical bead
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(minimum diameter ~ 0.5 mm) hanging freely on the end of a fine fibre and a flat 
vertical plate. Hotta et al. (1974) used an apparatus , where glass and steel 
spheres (radii 3.0 - 7.7 mm) were attached to a piece of string and suspended 
on the end of an arm above a movable surface. A strain gauge was fixed to the 
arm and calibrated in advance by the use of weights. Again, the sensitivity of 
the apparatus limited the study to the use of relatively large particles.
Microbalance technique
Derjaguin et al. (1954) measured the attractive van der Waals force between a 
hemispherical and a flat surface of polished quartz. A microbalance was used to 
measure force, giving a force sensitivity of 10 nN. The separation distance was 
measured using an interference microscope, limiting the technique to the use of 
highly polished, optically transparent samples.
Elastic Deformation Method
Wittmann and Splitgerber (1968) measured the attractive van der Waals force 
between a thick cylinder and a thin plate of polished quartz. As a result of the 
attractive forces, the thin plate is deformed. If the thin plate is approximated as 
a homogeneously loaded bar fixed at both ends, then the attractive force can be 
determined from a knowledge of the deformation and the Young’s modulus of 
the beam. As with the above technique, separation distance was measured 
using an interference microscope, limiting the technique to the use of highly 
polished optically transparent samples.
Centrifuge Technique and Pneumatic Adhesiometer
Visser (1976) describes a centrifuge technique, where adhesion is based on the 
detachment of particles from a substrate surface due to centrifugal force. The 
technique is relatively simple, reliable and has been used by a great number of 
investigators, e.g. see Podczeck et al. (1997) for the study of pharmaceutical
powders. Krupp (1967) comments that the rotor has to run in a (moderate) 
vacuum to reduce frictional forces and heating.
The disadvantage of the centrifuge technique is that the maximum acceleration 
attained is of the order of 1x105 to 1x106 g. Consequently, the technique is only 
suitable for use with particles over 1 pm in diameter and of high density, e.g. 
metals. A similar limitation is placed upon the use of a pneumatic adhesiometer. 
The force of adhesion of particles adhering to a surface is determined by 
measuring the inertia arising from the impact of a bullet on the other side of the 
surface. Visser (1976) states that detaching accelerations from 1x103 to 1x106 g 
can be obtained at the particle-surface boundary.
Both of these techniques provide a measure of the extent of detachment of a 
coating of particles, rather than specific information about an individual particle. 
Furthermore no force-distance relationship is obtainable, merely the maximum 
force applied and the quantity of particulate material detached. In addition, with 
any technique involving an assembly of particles, there is the danger that 
particles may adhere to each other, leading to the detachment of patches or 
“rafts” of material.
Surface Forces Apparatus
Tabor and Winterton (1969) used a Surface Forces Apparatus (SFA) to 
measure the attractive van der Waals force between two silvered crossed 
cylinders of molecularly smooth mica (radius of curvature approximately 100 
mm). The force was measured by holding one cylinder rigid and fixing the other 
cylinder to an elastic beam of known spring constant. One cylinder was brought 
towards the other using a piezoelectric transducer, and the separation measured 
by shining white light through the cylinders and observing the multiple beam 
interferometry (see Israelachvili, 1973) that occurs between the silvered 
surfaces at small separations.
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When the separation between the two cylinders is much less than their 
diameter, the geometry resembles contact between - a sphere and a flat. 
Generally, the technique is only applicable if the sample is transparent (opaque 
samples can be used when forces are measured using piezo-electric bimorph 
technology) and can be prepared in the form of thin sheets with extremely 
smooth surfaces (Israelachvili, 1992). This would be an unacceptable limitation 
on our choice of sample and hence the technique is not viable for the purposes 
of this current investigation. The force sensitivity is approximately 10 nN 
(Israelachvilli, 1992).
Atomic Force Microscope
The Atomic Force Microscope (AFM) was invented by Binnig et al. (1986). A 
sample placed upon a piezo-ceramic tube is advanced towards a 
microfabricated cantilever spring (see Albrecht et al., 1990). The cantilever 
experiences a force of attraction or repulsion when approaching the sample. 
The resulting deflection of the cantilever is measured using an ‘optical lever’ 
(Binnig et al., 1986) formed by a laser beam reflecting off the back of the 
cantilever on to a position sensing diode. The attractive force between the tip 
and the sample is given by Hooke’s law,
F  = kx (2.20)
where F is the force, k is the cantilever spring constant and x is the deflection of 
the cantilever. The technique is used principally to image samples by scanning 
the probe over the surface, however by mounting a particle on the underside of 
the AFM cantilever, particle-particle and particle-surface interactions can be 
studied.
At the onset of this experimental study, the bias of a commercial AFM towards 
imaging had several disadvantages to those workers wishing to use such an 
instrument for force measurement.
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• The acquisition software cannot be modified by the user to suit individual 
experiments and generally does not allow the extraction of force data in a 
convenient format, e.g. Nanoscope II (Digital Instruments).
• Commercial apparatus often lacks the flexibility to perform specialised force- 
distance measurements, e.g. the measurement of solid bridge strength 
between probe and surface, having been held in contact for a specified time 
period.
• To ensure that separation is measured accurately, it is necessary that the 
piezo scanner is both well characterised in terms of hysteresis effects and 
designed for routine calibration. This is often not the case, certainly with 
earlier generations of commercial AFM’s.
• Finally, commercial machines are expensive (typically £30K - £50k) and 
although they offer capability along the x, y, and z axis, it is only the z axis 
that provides data on normal adhesive force.
Hence, a custom built instrument was designed and constructed for this 
experimental study, based on the concept of an AFM. Inspiration for the design 
was derived from an earlier instrument constructed by the research group of 
Prof Luckham at Imperial College, London.
2.4.2 The principal components of an Atomic Force Microscope
The following text describes the principal components and aspects of the Atomic 
Force Microscope (AFM) in greater detail. See also Section 3 for additional 
information on the instrument and design guidelines.
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Piezoelectricity is a property exhibited by certain classes of crystalline materials. 
When an electric field is applied the crystalline structure changes shape, 
producing dimensional changes in the material. By mounting one sample on a 
piezo-ceramic tube and applying a suitable potential, this effect can be 
harnessed to control sample separation with a resolution of a few angstroms. 
Several types of piezo-ceramic are available and, due to their high sensitivity 
and time stability, PZT (lead-zirconate-titanate) 5A or 5H is the most appropriate 
grade for applications involving fine movement control.
Piezo-ceramic sample translator
The piezo-ceramic sample translator is typically glued to an insulating substrate. 
Mou et al. (1993) mount their piezo tube scanner on a ceramic ring using epoxy. 
Albrektsen et al. (1989) and Wigren et al. (1996) both glue their tube to an 
insulating glass ceramic plate (Macor, Corning). The former using a UHV- 
compatible epoxy and the latter, a cyanoacrylate based adhesive. Gluing 
ensures that the number of mechanical parts is kept to a minimum, reducing the 
susceptibility of the instrument to vibration. It is often convenient to couple the 
sample to the piezo tube magnetically (Mou et al., 1993), a technique adopted 
successfully on most of the commercial machines.
The responsiveness of piezo tubes to an applied potential can be calculated 
according to the following equation1,
2 ^ i  VL
AL = -----2+-----  (2.21)
( O D - ID ) v 1
where AL is the change in length, L is the initial length, OD is the outer diameter, 
ID is the inner diameter, V is the applied potential and (J31 is the piezoelectric 
constant: strain developed/applied field, along the appropriate axis. However, 
this equation can only ever be approximate when one considers that piezo
1 Piezoelectric Ceramics Data Book for Designers - Morgan Matroc Ltd.
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ceramics exhibit a characteristic of directional dependence, i.e. hysteresis. As 
stated by Fu (1995), a given voltage can produce two displacement values 
depending on a positive or negative scanning direction.
Basedow and Cocks (1980) find tubes to exhibit less hysteresis than discs. In 
addition, they find improvements in the long term stability of the piezo when 
cycled continuously. For a precise and accurate measurement, a correction 
must be made to the data. Albrektsen et ai. (1989) make no correction for piezo 
hysteresis when calibrating the sensitivity of their piezo-tube in the z direction, 
and simply draw a straight line through their calibration data. The piezo-tube 
forms part of the scanning unit of their Scanning Tunnelling Microscope (STM), 
and although they are only concerned with imaging and not force measurement, 
the hysteresis will lead to artefacts in the image.
Several techniques are described in the literature for the height (z-axis) 
calibration of a piezo-ceramic sample translator: Michelson interferometry 
(Albrektson et al, 1989), the use of a linear variable differential transformer 
(LVDT) displacement transducer (Hutter and Bechhoefer, 1993), and a 
capacitance method (Libioulle et al. 1991). All of these techniques are 
inconvenient, in that they require the piezo tube to be removed from the 
instrument and mounted on to the appropriate calibration device. Other 
techniques: the use of a stepped perovskite crystal of SrTi03 (Shieko et al,
1993), and imaging monolayers of latex spheres spread on mica (Li and 
Lindsay, 1991) or colloidal gold particles (Xu and Arnsdorf, 1994), are unsuitable 
• for this study as they require tube motion along the x and y axis.
An elegant technique, suitable for use with the present study, is that of Jaschke 
and Butt (1995). Interference fringes detected on the position sensing diode, 
resulting from a difference in optical path length between incident laser radiation 
reflecting off the back of the cantilever and off of a small mirror placed on the 
sample stage, allow the calibration to be performed in situ. This technique was 
adopted for use and is discussed further in Section 4.5. Libioulle et al. (1991)
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found their piezo characterisation data to agree well with a second order 
polynomial fit. This allows the displacement for a given voltage to be predicted 
once the direction of scanning is known.
Piezo ceramics are subject to thermal drift. Values found in the literature range 
from 6, Burnham and Colton (1989), to 36 nm.h"1, Koleske (1995), along the 
z-axis. Consequently, thermal drift can be viewed as being significant only when 
experiments are performed over long periods of time. A typical set of data takes 
approximately 1 minute to acquire.
The rate of approach and withdrawal of the sample piezo, i.e. sample velocity, is 
important as dynamic effects can be introduced between the cantilever probe 
and sample surface. These include, a hydrodynamic drainage force arising from 
the movement of fluid within contact region, and inertial effects due to the 
motion of cantilever and probe.
Attard (1999) models the above system as a sphere of known mass attached to 
a simple spring interacting with a moving planar substrate. Substrate velocities 
of 0.1 to 10 j+m.s'1 (spanning the practical range of most AFMs) were 
investigated. Attard found negligible dynamic effects for sample velocities < 1 
jum.s1. This agrees with the experimental findings of Ducker and Sendon
(1992) who, describing AFM measurements of forces, report no observable 
dynamic effects for sample velocities ranging from 0.2 to 2 jim.s"1. Conversely, 
but still in agreement, Hutter and Bechhoefer (1994) found dynamic effects to 
alter the AFM measurement of force above an approach speed of 1 (Lim.s*1. 
Measurements were made between a Si3N4 cantilever tip and a mica surface in 
air.
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The optical lever (Meyer and Amer 1988, 1990) amplifies the motion of the tip of 
the cantilever, to produce a reflected beam at the detector. Drake et al. (1989) 
quote this amplification factor AF to be
AF = 2 L / l  (2.22)
where L is the path length between the back of the cantilever and the 
photodiode detector, and / is the length of the cantilever. For their system, L ~
0.04 m and /~ 100 pm, giving a factor of 800. The limitation was found not to 
be the sensitivity of the photodiode, but the sound and building vibrations. For 
the instrument employed in the present study, the factor of 800 was used as a 
guide during the design stage.
The reflected beam from the cantilever is divergent as it is focused on the 
cantilever. This divergence places a limit on the path length from the cantilever 
to photodiode. Clark and Baldeschwieler (1993) advise the use of a large 
diameter photodiode to maximise the path length while collecting all of the return 
beam.
A laser diode (wavelength 670 nm, Meyer and Amer 1990, Marti et al. 1992, 
Koleske et al. 1995) is generally used as a light source given the intensity of the 
beam and its small size. Mou et al. (1993) ensure good contact between the 
laser diode and the brass AFM housing to allow sufficient heat dissipation. 
Clark and Baldeschwieler use a single mode optical fibre to couple the laser 
output to the input optics, thus removing the laser (a heat source) from the AFM 
head.
Interferometry is an alternative technique for measurement of cantilever 
deflection. The distance between the back of the cantilever and an optical fibre, 
used to guide the laser radiation on to the back of the cantilever, is measured by
Optical lever
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exploiting the interference between the light reflected at the end of the optical 
fibre and on the back of the cantilever (Jarvis et al., 1993 and Fujisawa et al.,
1994).
Putman et al. (1992) compare the performance of an optical lever set-up to an 
interferometer by calculating the signal-to-noise characteristics of the two 
systems (see Cunningham et al. 1994 for a diagram showing a typical 
interferometer set up). They conclude that the optical lever technique is almost 
as sensitive as interferometry based systems and offers advantages of both 
fewer optical components and easier alignment. However, once installed the 
interferometer can potentially also be used for piezo calibration.
Noise
Thermal fluctuations of the cantilever are a fundamental source of noise in 
Atomic Force Microscopy. Butt and Jaschke (1995) calculate the resulting 
deflections for a cantilever with a free end and optical lever detector, to be of the 
order of 0.8 nm. When the free end of the cantilever is supported by a hard 
surface, e.g. in contact with a substrate, the thermal fluctuations decrease by a 
factor of two. A deflection of 0.8 nm represents a fluctuation of approximately 
32 nN for a typical cantilever (k = 40 N.m'1) as used to obtain force curves 
shown in Section 5. Given that measured forces are typically greater than 1000 
nN, the effect of thermal fluctuations is not thought to be significant for the force 
instrument designed for use in this experimental study.
The calculations of Butt and Jaschke were based on a bar shaped cantilever of 
rectangular cross section. Many cantilevers, especially those of low spring 
constant (0.02 - 2.20 N.nrT1) are V  shaped. Spring constants of ‘V’ shaped 
cantilevers are normally calculated by adding the spring constants of both arms 
(Albrecht et al., 1990), which according to work of Sader and White (1993) and 
later Sader (1995), may lead to errors of 25%. Hutter and Bechhoefer (1993)
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suggest measuring the amplitude of the thermal noise as a technique for spring 
constant calibration. This is discussed later in this section.
Alexander et al. (1989) constructed an AFM based upon an optical lever 
amplification technique. The apparatus was positioned on a concrete block 
suspended from the ceiling by elastic cords. Olsson et al. (1996) also use 
suspension springs for vibration isolation of their instrument. A major source of 
noise was found to be deflections of the laser beam due to air turbulence. This 
was greatly reduced by enclosing the apparatus in an airtight chamber and 
waiting for approximately 30 minutes before beginning measurement. A single 
tube piezoelectric translator (1/2” diameter, 1/2" length) was used after the sample 
had been moved mechanically to within 1 jum of the stationary cantilever.
Clark and Baldeschwieler (1993) offer the following design guidelines to 
minimise mechanical noise within the instrument: (i) minimise the number of 
parts, (ii) keep structures small and mechanically stiff and (iii) make sure that 
vibrations induced by seismic and acoustic disturbances are common mode to 
the structure. In agreement with recommendation (iii), Mou et al. (1993) 
designed the AFM head so that residual vibrational coupling is distributed to 
both the AFM cantilever and the specimen without significant phase difference. 
Koleske et al. (1995) material match components within their cantilever/sample 
holder to minimise thermal drift.
Okano et al (1987) mount their STM upon stacked metal plates with Viton 
' rubber spacers, to isolate the instrument from external vibrations. A similar 
technique is adopted by both Hammiche et al. (1991) and Sugawara et al.
(1993).
Siedle and Butt (1995) provide experimental evidence to suggest that when a 
stepped discrete voltage ramp is used to drive the sample piezo, the cantilever 
oscillates after each step. The effect is demonstrated in the non-contact region 
where coupling occurs between the cantilever and the sample. It is significant
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when measurements are being made in a liquid and can be eliminated by 
ramping the sample piezo with a smooth, external signal..
Marti et al. (1992) investigate the bending that occurs as a result of the 
temperature gradient initiated by incident laser light on one side of the 
cantilever. They find that a 1 mW laser diode with a power stability of 1%, gives 
a fluctuation of up to 1 nm for gold coated cantilevers in vacuum. However, 
under ambient conditions the bimetal effect is reduced due to the efficient 
cooling of the cantilever by air, and hence would not be considered a significant 
source of noise.
Spring constant determination
One major criticism of the use of an AFM for force measurement is the error in 
the magnitude of forces which arises from an uncertainty in the cantilever spring 
constant, k. Several techniques for spring constant calibration can be found in 
the literature. They have been split into three classes: resonant, static and 
classical beam theory.
® Resonant
Cleveland et al. (1993) describe a method where k is calculated from the shift in 
resonant frequency when an end mass is added to the cantilever
Here Mi is the added end mass, Vo is the unloaded resonant frequency, Vi is 
the loaded resonant frequency and k is the spring constant. Braithwaite et al. 
(1996) present a calibration technique similar to the approach of Cleveland et 
al., where the cantilever spring constant is again determined from a knowledge
k = ( 2 k )2 -------- (2.23)
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of its loaded and unloaded resonant frequencies. The Cleveland measurements 
were made on 120 jam long, 22 jluti wide V-shaped Si3N4 cantilevers (k = 0.10 ±
0.01 N.m'1, v0 = 37 ± 1 kHz), three from the same wafer and one from a different 
wafer. Tungsten spheres (mean diameter 20 jum) were manipulated using 
micropipettes and mounted on the end of commercial AFM cantilevers. The 
particle end mass was calculated by measuring the sphere radius and using a 
value for the density of tungsten of 19300 kg.rrT3. Equation (2.23) agrees well 
with experimental points determined by loading the cantilever with different end 
masses, and the main source of error is suspected to be the measurement of 
sphere diameter.
Sader et al. (1995) highlight the fact that this technique is sensitive to flaws or 
micro-cracks in the cantilever and so can be used as a check for damage. 
Unlike the use of methods based on classical beam theory, no knowledge of 
beam dimensions or Young’s modulus is required. Compensation can be made 
for off end loading. Sader et al. (1995) claim that true values can be 30 - 60% 
higher than those predicted by calculation, which assumes the load to be at the 
end tip of the cantilever, and offer the following relationship as a correction,
where kE is the end tip spring constant, AL is the distance away from the end at 
which the load is applied and L is the length of the cantilever.
The Cleveland technique was developed using soft cantilevers. For cantilevers 
of moderate stiffness (spring constant approximately 40 N.m'1) the calculated 
shift in resonant frequency is within the frequency response of a commercial 
instrument. However, identification of the corresponding resonant peaks is 
often difficult to perform with any confidence. In practice, many other peaks 
associated with the vibration of the cantilever are also detected, i.e. a mixture of 
frequencies incorporating both the fundamental and its overtones. In such
(2.24)
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cases, spring constants are largely determined from calculation based on 
Young’s modulus and the physical dimensions of the cantilever (Raiteri et 
a/., 1996).
Koleske et al. (1995) describe the response of the cantilever immediately after it 
is pulled off the surface by the sum of two damped harmonic oscillators. The 
resonant frequency of the cantilever is identified by fitting a model to the 
experimental data They claim to obtain a more precise measurement of the 
cantilever resonant frequency and damping coefficient than from spectral 
methods.
Hutter and Bechhoefer (1993) calibrate the spring constant by measuring the 
fluctuations of the cantilever in response to thermal noise. They assume the 
cantilever to be a harmonic oscillator in equilibrium with its surroundings, and 
hence the spring constant can be related to the observed displacement by the 
following relation.
k = (2.25)
q
Here ke is Boltzmann’s constant, T is the temperature and q the displacement of 
the oscillator. Their result (0.0167 N.m'1) disagrees significantly with that of the 
manufacturer (0.064 N.m'1), although the manufacturer’s method of calibration is 
not given. As with the Cleveland technique, this method requires that 
measurements be made around the resonant frequency of the cantilever. Even 
soft cantilevers have resonant frequencies of approximately 20 kHz, and so 
techniques based on the measurement of cantilever resonant frequency are 
soon limited by the frequency response of the signal amplifiers (30 kHz).
61
Chapter 2: A review of the literature
Butt et al. (1993) and Li et al. (1993) describe static methods where a known 
force producing a measurable deflection is used to calibrate the cantilever 
spring. Butt et al. (1993) measure the spring constant directly by equating the 
deflection of a pendulum to the deflection of an AFM cantilever resting against it. 
However, the technique appears poor as the results are quoted with an error of 
± 50%.
Scholl et al. (1994) developed a capacitance force sensor which can be used to 
calibrate cantilever spring constants. The force sensor is first calibrated by the 
application of free weights and then a downwards force is applied to it by the 
AFM cantilever. As the cantilever deflection is measured by the optical lever, 
and applied force determined from the force sensor, the cantilever spring 
constant can be determined using Hooke’s law (Equation 2.20). The resolution 
of this method is limited due to the calibration of the force sensor using free 
weights, and Scholl et al. (1994) suggest its use for the calibration of spring 
constants in the order of 1000 N.m'1, i.e. very stiff cantilevers.
Sendon and Ducker (1994) determine the cantilever spring constant by 
measuring the static deflection of a cantilever under the force of a known end 
mass. A tungsten sphere was glued to the end of the cantilever and the 
deflection measured after the addition of the end mass. The measurement was 
repeated after inverting the cantilever (and AFM assembly) through 180°. The 
difference between the two measurements is twice the deflection due to gravity. 
The spring constant is then determined by relating the deflection of the 
cantilever to the force due to gravity acting on the tungsten sphere. This 
technique is appropriate only if it is convenient to mount a high density sphere 
on to the end of the cantilever under test, and then rotate the AFM assembly 
through 180°.
• Static
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In general, non-contact methods are preferable to the static deflection (or 
contact) methods described above, as calibration is less likely to result in 
cantilever damage.
• Classical beam theory
The following equation describes the spring constant for an end loaded beam of 
rectangular cross-section.
Here w, t and I are the beam width, thickness and length respectively (Stokey, 
1989). E is the Young’s modulus of the material. The cubic dependence in 
Equation (2.26) means that k is sensitive to both t and I. However, the major 
advantage of this technique over others described in the literature, is its 
convenience.
Several workers provide evidence to suggest that Equation (2.26) should be 
applied with caution. Cleveland et al. (1993) have observed variations in 
cantilever thickness ranging from 0.4 to 0.7 jum and Sendon and Ducker (1994) 
state that the anisotropic growth of the Si3N4 film can lead to variation in 
Young’s modulus. This is discussed further by Weissenhorn et ai (1992) who 
comment that when using a low pressure chemical vapour deposition (LPCVD) 
technique, the stoichiometry of the silicon nitride film can range from Si3_>isN4 
(Albrecht et a/., 1990 provide further details on the microfabrication of AFM 
cantilevers). This is echoed by Sader et al. (1995) who claim bulk values, such 
as Young’s modulus, to vary by 20%. Jarvis et al. (1996) quote an accuracy of 
± 30% when calculating the cantilever spring constant. This is assigned to 
uncertainties in the exact dimensions, particularly thickness, and variations in 
the density and Young’s modulus. No comment is made as to the contribution 
of each to the figure of ± 30%.
(2.26)
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In contrast, Torii et al. (1996) compare spring constant values calculated using 
Equation (2.26) to values determined by placing the AFM cantilever against a 
large-scale cantilever pre-calibrated using precise weights and an optical 
microscope to observe deflection. Two AFM cantilevers were examined and the 
resulting spring constants of 0.098 N.m'1 and 0.020 N.m'1 agree well with 
theoretical values of 0.093 N.m'1 and 0.021 N.m'1. Again, calibrating against a 
cantilever of known stiffness, Rabinovich and Yoon (1994) find reasonable 
agreement between calculated and calibrated values: 119 N.m'1 vs. 112 N.m'1 
and 84.3 N.m'1 vs. 90.2 N.m'1.
Given the dimensions, mass of cantilever and resonant frequency, Sader et al.
(1995) calculate k based on far end point loading under vacuum. Corrections 
are then applied for off-end loading, gold coating and air damping. However, 
this technique is limited due to the requirement for an accurate determination of 
cantilever mass. Unless measurement could be performed during manufacture 
and supplied with the cantilever, one is forced to determine its value via a 
calculation based upon the physical dimensions of the cantilever and its density. 
In this case the technique offers no real advantage over the use of Equation
(2.26).
Particle mounting
Mounting of a single particle on the underside of an Atomic Force Microscope 
cantilever spring, opens the way for the study of force interactions between 
individual particles. However, the operation requires a calm disposition and the 
hands of a surgeon.
Details of a particle mounting technique are given by Ducker (1996). An AFM 
cantilever is firstly attached to a micromanipulator and a droplet of glue and 
sample of particles are placed apart on the same glass slide. The tip of the 
cantilever is firstly dipped into the glue droplet, and then brought into contact
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with a chosen particle. The technique works well, although specific placement 
can be difficult if the particle is obscured by the cantilever.
Larson (1993), Toikka (1996) and Braithwaite et al. (1996) all use Epikote (Shell 
Chemicals, UK), a high melting point wax, to fix particles to the AFM cantilever 
spring. Epikote is first sprinkled onto a microscope slide which is then placed on 
a heated stage. The Epikote melts and can be manipulated according to the 
technique of Ducker. Removing the Epikote from the heat source allows it to 
solidify, fixing the particle to the cantilever. Adjustments can be made to the 
particle-cantilever system by returning it to the heat source and allowing the 
Epikote to melt.
UV active adhesives1 have also been used for particle mounting applications. 
The adhesive can be manipulated until it is exposed to UV radiation at which 
point it hardens, fixing the particle to the cantilever.
Tyrrell and Cleaver (1997) adopted a technique utilising epoxy resin (Araldite) 
and a hydraulic micro-manipulation stage, to fix a particle to the underside of an 
AFM cantilever spring. Details, including a diagram of the mounting fixture, can 
be found in Section 4.4. Once left to set overnight, epoxy resin was found to 
give a reliable bond between particle and cantilever. Epoxy resin does not 
require the use of a heated stage, a cumbersome beast in the particle mounting 
arena.
Types and sizes of particles mounted successfully on AFM cantilevers are 
shown in Table 2.3. Images of particles mounted for use in the present study,
i.e. glass microspheres, gold coated glass microspheres and irregular particles 
of amorphous quartz, can be found in Chapters 4 and 6.
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1 OP60 adhesive, Dymax Corporation, Torrington, Connecticut, USA
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Table 2.3 Types and sizes of particles mounted successfully on AFM cantilevers
Worker Particle type Particle size Adhesive
Braithwaite et al 
(1999)
glass sphere 50 pm diameter Epikote 1004, 
Shell
Toikka et al 
(1996)
ZnS spheres1 3 - 4 nm diameter Epikote 1004, 
Shell
Yamamoto et al 
(1995)
polymer spheres 5 pm diameter epoxy resin
Braithwaite et al 
(1996)
glass spheres 5 jtim diameter Epikote 1004, 
Shell
Schaefer et al 
(1995)
glass spheres
polystyrene
spheres
8 pm diameter Norland Optical 
Cement (UV 
active)
Kendal (1995) polystyrene latex 
particles
micron sized 
clusters
(details
unavailable)
Rabinovich et al 
(1994)
glass beads 10 - 30 pm diameter Epon R resin 
1004F, Shell
Mizes (1994) styrene
divinylbenzene
spheres
12 pm, 22 pm 
diameter
epoxy resin
Larson et al. 
(1993)
Ti02 spheres 9 pm diameter Epikote 1004, 
Shell
Present work glass spheres 
(ballotini)
30 - 40 pm diameter epoxy resin
1 The spheres were cleaned by rinsing in ethanol
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C h a p t e r  3
C o n s t r u c t i o n  o f  a n  i n s t r u m e n t  t o  m e a s u r e  
i n t e r p a r t i c l e  f o r c e
3 .1  I n t r o d u c t i o n
This chapter describes the instrument designed, constructed and commissioned 
to study the influence of relative humidity on interparticle force. The design and 
layout of the force instrument and specifications of principal components are 
detailed. A description of the data acquisition process is provided, including 
features of the custom software written to acquire, process and display the 
experimental data.
Commercial Atomic Force Microscopes are rapidly becoming a common tool in 
the research environment. However, at the onset of this experimental study the 
bias of a commercial AFM towards imaging had several disadvantages to those 
workers wishing to use such an instrument for force measurement. In addition, 
commercial machines often lacked the flexibility to perform specialised force- 
distance measurements (as outlined in Section 2.4.1).
•The design of a custom force instrument was initiated following invaluable 
discussions with Prof Paul Luckham and Dr Gavin Braithwaite of Imperial 
College, London. These discussions were then ensued by a comprehensive 
review of the literature. Information was assimilated and condensed to form 
design guidelines (refer to Section 2.4.2). The instrument was designed to meet 
the specific experimental requirements of this project with sufficient flexibility 
built in to accommodate future work.
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3 . 2  F o r c e  i n s t r u m e n t  d e s i g n  a n d  l a y o u t
The instrument, as shown in Figures 3.1 and 3.2, features a minimum of 
components to ensure a rigid construction. An open architecture was employed 
to give great flexibility, allowing repositioning of all principal components relative 
to one another. This facilitates adjustment in the gain of the optical lever, and 
allows the cantilever to be placed parallel to the sample stage for the purposes 
of piezo calibration.
Figure 3.1 Photograph of the force instrument designed for this study
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Humidity chamber
Force instrument - 
utilising AFM technology
Data acquisition and 
processing software
The sample and cantilever are accessible for the adjacent positioning of 
measurement probes, e.g. temperature and humidity. Such accessibility allows 
the cantilever and sample to respond rapidly to changes in the local 
environment, e.g. when studying the effect of changes in humidity. This feature 
contrasts with commercial machines where the sample and cantilever are often 
enclosed within the instrument.
68
Chapter 3: Construction of an instrument to measure interparticle force
Figure 3.2a Side elevation of the instrument layout
2. pillar
3. laser (dashed line represents beam path)
4. support beam for AFM cantilever
5. piezo (see detail)
6. motor driven vertical sample translator
7. position sensing detector
8. single-axis manual translator
9. motor driven single-axis translator
Figure 3.2b Detail of the piezo assembly
1. support beam for AFM cantilever
2. mounting plate for microfabricated cantilever
3. microfabricated AFM cantilever
4. sample
5. stainless steel sample mount
6. magnet
7. Tufnoldisc
8. grounded copper disc
9. piezo tube
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3 . 3  P r i n c i p l e  o f  o p e r a t i o n
A sample is mounted on the end of the piezo tube. The laser beam is focused 
on to the back of the cantilever tip, located above the sample, and reflected on 
to the position sensing detector (PSD). This arrangement is known as the 
‘optical lever’. The piezo is moved mechanically to within a few microns of the 
cantilever. A potential applied across the piezo tube advances the sample 
towards the cantilever.
Any attractive or repulsive force acting between the tip and sample will manifest 
itself by a deflection of the cantilever spring. This is shown schematically in 
Figure 3.3. The resulting deflection is amplified by the ‘optical lever’ and the 
magnitude of the force is given by Hooke’s law (Equation 2.20). For the present 
study a particle was mounted on the underside of the cantilever (Section 4.4) 
allowing the interaction between particle and sample surface to be examined.
Figure 3.3 Interaction between particle and surface (shown schematically)
7
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As the piezo is advanced towards the particle (1), the attraction between particle 
and surface causes the cantilever to deflect and ‘snap’ into contact (2). The 
particle is pushed back by the advancing piezo (3) and follows its movement 
until the force exerted by the deflected cantilever exceeds the attractive force 
between particle and surface, and contact is broken (4).
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Figure 3.4 shows a representation of a typical output curve from the instrument 
in terms of piezo displacement versus cantilever displacement. The positions 
marked on the curve correspond to the stages indicated in Figure 3.3.
Figure 3.4 Cantilever deflection versus displacement curve.
3 . 4  P r i n c i p a l  c o m p o n e n t s
The force instrument consists of the following principal components:
• Laser
• Position sensing detector (PSD)
. • Position sensing amplifiers
• Microfabricated AFM cantilever spring
• Piezo tube/motorised sample stage
The role of each component within the force instrument is explained in the 
following text. Details of suppliers for each of the principal components are 
provided as footnotes where appropriate.
J)S&YoACx;rteifr
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3.4.1 Cantilever stage
The AFM cantilever1 spring acts as a flexible force sensing stylus. Prior to the 
development of microfabrication techniques, cantilevers were cut by hand from 
metal foils or formed from fine wires. Today, cantilevers are fabricated 
commercially from thin films of Si02 or Si3N4 formed on the surface of a Si 
wafer, patterned to define the shape of the cantilever (see Figures 4.2 and 4.3). 
Spring constants of manufactured cantilevers typically range in the order of 
1 x 10'2 to 1 x 102 N.m'1.
Cantilevers were attached to the sloping front of a mounting plate (see Figure 
3.2b) using a cyanoacrylate based adhesive. Mounting plates were fixed, using 
a miniature Allen bolt, to the support beam of the cantilever stage. Mounting 
plates can be removed and exchanged, leaving the rest of the experimental set­
up undisturbed.
Sound and building vibrations were attenuated by location of the force 
instrument within a perspex chamber mounted on an air damped anti-vibration 
table.
3.4.2 Laser diode
A laser diode2 forms an integral part of the optical lever amplification system 
adopted by the majority of Atomic Force Microscopes. The laser provides a 
collimated coherent beam of visible radiation. An integral lens allows focusing of 
the beam to a spot less than 0.5 mm in diameter. A high energy light source is 
necessary as only a portion of the incident beam falls on to the back of the 
cantilever spring and is reflected towards the PSD. This is primarily due to the 
small size of the cantilever spring (typical values: thickness = 6.95 pm,
1 Supplied by Topometrix UK
2 3 mW 670 nm Beta Cameo series supplied by Vector Technology
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width = 38.5 pm, length = 228 jlu ti) .
The laser was firmly mounted in a gantry running above the cantilever, 
positioned facing away from the user and powered by a smooth 5 V DC bench- 
top supply. The gantry was machined from 303 stainless steel and threaded to 
accept the laser diode. Mounting the laser diode directly into the gantry satisfies 
heat-sinking requirements.
When designing equipment containing lasers, safety is paramount. It was 
ensured that current guidelines1 were adhered to and the laser formally 
registered with the University safety officer. After inspection the laser was 
classed as a 3A device. In the case of continuous wave (CW) class 3A lasers, 
eye protection is normally afforded by the natural aversion responses including 
the blink reflex. Direct intrabeam viewing with optical aids may be hazardous 
and must be controlled. Power is limited to 5 mW (visible only). There is no 
requirement for key control, remote interlock connector or beam 
shutter/attenuator. There is also no requirement to wear safety eyewear.
3.4.3 Position sensing detector (PSD)
Incident laser radiation is reflected off the back of the cantilever and on to the 
face of a position sensing diode2 (PSD). The PSD is a 2-dimensional 
continuous lateral effect detector. Segmented detectors, which while excellent 
for centring or nulling operations, are inferior when measurement is required 
over a wide spatial range. This is due to the gap or dead region between cells. 
A 2-axis continuous sensor acts as a pair of light controlled variable resistors 
and can measure the position of a light spot across the entire sensor area. In 
addition, continuous position sensing detectors determine the centroid of the 
light spot. This gives them the advantage of being indifferent to spot shape.
1 CVCPs notes of guidance, part 2:1, Lasers 3— ED., 1992
2 Model LD10, supplied by UDT Instruments, Florida, USA
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It was found necessary to eliminate any sources of fluorescent lighting directly 
above the force instrument. The position sensing detector was sensitive to their 
low frequency changes in intensity.
3.4.4 Position sensing amplifiers
Position sensing amplifiers1 accept signals along the x and y axes of the PSD. 
They are high gain (1 x 106 V.A'1), low noise, current-to-voltage amplifiers with a 
frequency response of 30 kHz. The output from the amplifiers connects directly 
to the PC data-acquisition card (see Figure 3.5).
3.4.5 Sample stage
Coarse control over sample movement was achieved mechanically via 
micrometer staging. Three micrometer translation stages were incorporated into 
the design, allowing movement along the x, y, and z axes. Motor drivers2 were 
coupled to the micrometer stages providing remote adjustment of sample 
position. This was necessary to preserve the relative humidity within the 
chamber. Motor driven translation gives a displacement resolution of 0.1 jum 
along all axes. This is sufficient to place the sample within the vicinity of the 
particle mounted on the underside of the cantilever.
• Fine control over sample movement, necessary when recording force-distance 
curves, was achieved by placing the sample, magnetically for convenience, on 
to a piezo-ceramic tube3 (outside diameter = 15 mm, thickness = 0.5 mm, 
length = 20 mm) mounted on the micrometer staging. A potential applied across 
the inner and outer electrodes of the piezo causes it to expand. Piezo ceramics
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1 Model 301-DIV 30 kHz, supplied by Grasby electronics, USA
2 Supplied by Ealing Optoelectronics Ltd.
3 Supplied by Morgan Matroc Ltd., Southampton, England
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exhibit a characteristic of directional dependence, i.e. hysteresis, which if not 
corrected for results in uncertainty as to the magnitude of piezo-tube 
expansion/contraction. It is important to be able to quantify the piezo 
displacement when inferring tip-sample separation from force-displacement 
curves.
Correction for piezo hysteresis was achieved by firstly calibrating the piezo using 
interference fringes sourced from the instrument laser, and then fitting a model 
to the data (see Section 4.5 for further details). Given the potential applied 
across the piezo-tube, the subsequent expansion/contraction could then be 
calculated using the model. The piezo sample fixture gives a movement 
resolution in the order of several nanometers.
Conductive silver paint was used to attach wires to the inner and outer 
electrodes. Soldering temperature is higher than the Curie temperature of PZT 
and it would be necessary to repole the piezo tube if soldering were attempted.
The response of the piezo tube is dependent on both the material and its 
dimensions1 (this issue is discussed in detail in Section 2.4.2). The sample 
piezo was designed as a separate module and coupled to the high voltage 
power supply via an in-line plug. This allows the sample piezo to be replaced 
when damaged or exchanged for a piezo with a different response to meet the 
requirements of a given set of experiments.
3.4.6 High voltage piezo amplifier
A high voltage piezo amplifier was constructed2 to drive the piezo sample stage. 
The amplifier was powered by a bench-top 12 V DC power supply and fed with a 
0 - 5 V DC ramp sourced from a commercial signal generator.
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1 Piezoelectric ceramics data book for designers, Morgan Matroc Ltd., Southampton, England
2 C. Mann, Department of Chemical and Process Engineering, University of Surrey, UK.
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The approach/withdrawal rate of the sample stage, i.e. sample velocity, was 
controlled by adjusting the frequency of the input signal.- A frequency of 0.1 Hz 
was typically used throughout this present study. For a piezo displacement of
2.5 pm (0 - 500 V), this corresponds to sample speed of 0.5 pm.s'1. Given the 
experimental evidence of Attard (1999), Hutter and Bechhoefer (1994), and 
Ducker and Sendon (1992), this value ensures that viscous and inertial 
contributions to the measured force are minimised (see Section 2.4.2).
It was necessary to place an additional load resistor (1 MQ) in series with the 
piezo tube to allow the output signal from the high voltage piezo amplifier to fully 
discharge between cycles.
3 . 5  D a t a  a c q u i s i t i o n
3.5.1 Introduction ■s
Operation of the force instrument terminates in three signals: a stepped down 
voltage corresponding to the displacement of the sample piezo tube and two 
signals generated by the movement of the reflected laser spot along the x and y 
axes of the PSD. During commissioning of the instrument, signals were 
captured on an oscilloscope. Subsequent refinements were made to the 
acquisition process and an analogue-to-digital (A/D) conversion card installed to 
• acquire data directly to a PC.
A schematic diagram showing data flow through the instrument is given on the 
following page.
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Figure 3.5 Schematic diagram showing data flow through the instrument
3.5.2 Oscilloscope via RS432
Initially, experimental data were captured using a digital storage oscilloscope 
(DSO) and the trace downloaded to a PC through an RS432 (RS232 equivalent) 
port. A program was written in QBasic™ to pull the digitised oscilloscope data 
across from the DSO, convert the screen co-ordinates into true voltage data and 
then finally correct for piezo hysteresis.
The force curve was displayed initially as several traces on an oscilloscope:
• trace 1 Voltage applied across the piezo translator oc tip-sample
separation distance
• trace 2 Voltage signal from y-axis of PSD oc normal force acting on
cantilever
• trace 3 Voltage signal from x-axis of PSD oc lateral force acting on
cantilever (given additional modification to the instrument, see 
Chapter 7)
The use of an oscilloscope for acquiring data, whilst accurate in the time domain 
(± 0.1% of reading), introduces a significant error (± 2.0% of reading) in the
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voltage domain. This is due primarily to the 8 bit digitisation. Consequently, the 
decision was made to acquire data using a 16 bit A/D card directly to a PC.
3.5.3 PC via A/D card
A 16 bit analogue-to-digital conversion card was purchased and installed directly 
into the PC. The 16 bit digitisation significantly improved precision in the voltage 
domain and acquiring directly to the PC enhanced the data transfer rate. 
Software was written, using HPVEE™ (Hewlett Packard Virtual Engineering 
Environment), to acquire, process and display the experimental data (see 
Figure 3.6).
Figure 3.6 Screenshot of main menu
HPVEE is an object orientated visual language that allows the design of virtual 
instrument panels providing access to user written data acquisition, processing 
and display routines. The routines were coded in a modular form (shown in 
Figure 3.7), adopting consistent variable names to aid debugging and software 
updates. The advantage of a custom built instrument over commercial 
machines, is that software can be modified or rewritten to satisfy experimental 
requirements.
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Figure 3.7 An example of the programming architecture
The user interface was designed to be simple, consistent and familiar. All of 
these features can be found in successful commercial software.
• Simple Menu driven user options
Push-button commands
Small number of objects on-screen at any one time
• Consistent Uniform colour scheme
Alignment and location of objects, e.g. graphical displays, 
menus
• Familiar Use of colour, e.g. green for ‘go’ and red for ‘stop’ commands,
making a connection with the user’s real world experience
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The software, written especially for use with the instrument, has a number of
features and operation modes. These are described below.
• Real-time oscilloscope shell: for instrument set-up and alignment of laser, 
cantilever and detector. Signals are displayed corresponding to the piezo 
movement and the deflection of the cantilever, indicated by x and y axis 
movement of the reflected laser spot on the PSD.
• Data acquisition mode: for sampling and storing 1000 data-points. The 
data-file is ‘stamped’ with time, date, temperature, relative humidity and 
cycling frequency information. Raw data files have the suffix ‘.dat’.
• Data processing: converting the data from source code into real numbers 
and then correcting for piezo hysteresis using model parameters established 
during piezo calibration. The direction of piezo movement, i.e. expansion or 
contraction, is identified from the gradient of the voltage signal allowing the 
appropriate component of the correction model to be applied (see Section 
4.5). Files processed for piezo hysteresis have the suffix ‘.pro’.
• Display mode: ability to call up processed data files, measure features and 
print force-curves. Time/date of experiment, temperature, relative humidity 
and cycling frequency are displayed above the curve to aid navigation 
through large quantities of force data.
• Spreadsheet routine, converting the data-file into space delimited format. 
Once converted, experimental data obtained using the custom force 
instrument can be viewed and manipulated in a commercial spreadsheet 
environment.
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C h a p t e r  4  
E x p e r i m e n t a l  t e c h n i q u e s  a n d  i n s t r u m e n t  
c a l i b r a t i o n
4 .1  I n t r o d u c t i o n
This chapter is divided into four sections. Section 4.2 presents an overview of 
the materials selected for the study. Section 4.3 outlines the techniques used to 
prepare both particle and substrate for measurement. Section 4.4 describes the 
method developed for mounting an individual particle on the underside of a 
commercially available AFM cantilever spring. Finally, Section 4.5 details the 
procedures adopted for performing particle-surface force measurements and 
instrument calibration.
4 . 2  M a t e r i a l s
Three materials were chosen for the present study: glass (soda-lime), 
amorphous quartz and gold. In all experiments a ‘particle on flat’ configuration 
was studied with both contacting surfaces being of the same material. It was 
therefore necessary to ensure that each material could be obtained in particulate 
and flat form.
Glass was obtained1 in the form of microspheres. Specific particles were 
selected in the size range 30 - 40 pm in diameter under an optical microscope. 
The size range was chosen to reduce the contribution of particle weight, and to 
highlight the effect of interparticle force, whilst still being of a size that made
1 Potters-Ballotini Ltd., Pontefract Road, Barnsley, South Yorkshire. S71 1HJ
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particle manipulation and mounting relatively straightforward. Glass 
microspheres are used widely as a model particle system, given their appropriate 
size range, well defined geometry, insolubility, low cost and relative safety.
Holland (1964) provides a typical composition of soda-lime glass: 74% SiC>2, 
10% CaO and 16% Na2 0 . This compares well with Pantano et al. (1976) who 
reference soda-lime glasses as approximately 74% S1O2, 12% CaO, 13% Na20 
(1% other), in composition.
Quartz is predominantly Si02 in composition, and was chosen to contrast with 
the ‘impure’ soda-lime glass, identifying the contribution of impurities such as 
Na+ to the observed behaviour. Unfortunately it was not possible to identify a 
supplier of suitably sized quartz spheres. Consequently, quartz particles were 
obtained by breaking a sample of amorphous quartz1 over a sheet of clean 
paper and transferring the ‘dust’ on to a fresh microscope slide. Flat quartz 
surfaces were taken from the same sample.
Gold surfaces were obtained by sputter coating a glass sphere and flat glass 
surface using equipment employed In the preparation of non-conducting 
samples for electron microscopy. Coating an existing glass sample had the 
advantage of preserving the particle size used In previous experiments.
4 . 3  P r e p a r a t i o n  o f  s u r f a c e s
Glass ballotini were soaked overnight in isopropyl alcohol (IPA) and then dried in 
air. Flat glass surfaces were taken from microscope cover slips and again 
soaked overnight in Isopropyl alcohol (IPA).
IPA was identified as a suitable cleaning agent as it leaves no residue upon 
drying and is less likely to impart surface damage compared to other more
1 Kindly provided by Dr J Keddy, Department of Physics, University of Surrey, UK
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aggressive cleaning techniques. Derjaguin and Zorin (reprinted 1992) advise 
washing in alcohol when working with glass. They state that other methods, 
such as washing with hot chromic acid mixture, are not advisable as they lead to 
the formation of a porous film of considerable thickness. This is re-enforced by 
Holland (p294, 1964) who comments that when glass is treated with acids it is 
inconceivable that contaminants are removed without the reagent attacking the 
glass surface. Drummond Roby et al. (1996) use IPA to prepare the surface of 
a piece of silicon wafer for a lateral force study.
A second cleaning technique was employed to verify that features in the 
experimental data were not simply due to the chosen method of surface 
preparation. The glass spheres were soaked repeatedly in a 2% solution of 
Decon 90, a detergent, and then rinsed exhaustively in distilled water. Again, 
this cleaning technique was chosen to minimise the likelihood of damage to the 
sample surface.
The contact angle of a drop of distilled water placed on a glass slide was found 
to be approximately 20° after cleaning with either Decon 90 or IPA. 
Determination of the contact angle was performed by examining each slide 
under an optical microscope (see also Vigil et al., 1994).
Gold surfaces were prepared by sputter coating a glass sphere and flat glass 
surface with gold in the presence of an inert atmosphere for a total of 4 minutes 
(the glass sphere was pre-mounted on to the underside of a commercial AFM 
• cantilever spring). The thickness of gold layer was expected to be at least 50 
nm in thickness, given that sputtering a sample for 1.5 minutes has been shown 
to result in a coating approximately 20 nm in thickness. Ducker et al. (1992) 
used an identical technique to prepare gold coated silica glass spheres, and 
Raiteri et al. (1996) to prepare a gold coated glass substrate. Ducker et al. 
report a gold layer thickness of 50 nm.
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Quartz particles of an appropriate size were selected under an optical 
microscope and mounted immediately after fracture. No cleaning was deemed 
necessary in this case. The quartz fiat surfaces were however subject to the 
same cleaning technique as glass using IPA.
4 . 4  M o u n t i n g  o f  p a r t i c le  a n d  s u r f a c e
A single particle, typically 30 - 40 pm in diameter, was selected under an optical 
microscope and glued to the underside of a commercially available cantilever 
spring using a commercial two part epoxy resin (Araldite). Manipulation of the 
particle was performed using a hydrauiic micro-manipulator.
Figure 4.1 Side-view showing particle mounting (not to scale)
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M i c r o s c o p e  o b j e c t i v e
A mounting fixture (see Figure 4.1) was assembled, using glass microscope 
slides, to aid the process of particle mounting. Small quantities of sample 
particles and adhesive were placed in different locations on the same side of a 
fresh microscope cover slip. The cover slip was then attached magnetically to 
the mounting fixture and the assembly placed under an optical microscope.
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Using the micro-manipulation stage, the AFM cantilever was carefully placed 
opposite the cover slip, with the tip facing the particles and adhesive. The tip of 
the cantilever was firstly dipped into the adhesive and then brought into contact 
with a chosen particle. Horizontal alignment was achieved by placing both the 
cantilever tip and particle equator in the focal plane of the microscope objective.
Figure 4.2 SEM photograph of a glass sphere mounted on an AFM cantilever
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Figure 4.3 Photograph of the above system viewed through an optical microscope
The principal advantage of this technique over that of Ducker (1996), described 
in Section 2.i+, is that particles remain unobscured by the cantilever. This 
allowed observation of the moment of contact between particle and cantilever,
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giving greater control over particle location. Once placement of the particle was 
complete, the system was left to set for at least 24 hours.
Photographs were taken of the cantilever and particle system using a scanning 
electron microscope (SEM) and an optical microscope1. The images (Figures 
4.2 and 4.3) were used to characterise the particle and confirm cantilever 
dimensions as supplied by the manufacturers.
The flat glass surface was taken from a fresh microscope cover slip and glued 
to a stainless steel mounting disc using a cyanoacrylate based adhesive. A 
stainless steel mounting disc allowed magnetic coupling of the substrate to the 
sample piezo stage for convenience. This coupling method has been well 
established in commercial AFM instruments.
4 . 5  E x p e r i m e n t a l
4.5.1 Adhesion studies
The force instrument was placed on an anti-vibration table, to attenuate sound 
and building vibrations, and housed within a perspex chamber also containing a 
beaker of distilled water or silica gel. Distilled water and silica gel were used to 
control the relative humidity of the air. Details of the method of controlling 
•relative humidity are given by Young (1967). A small electric fan was also 
positioned inside the chamber to assist the mass transfer of water vapour. The 
fan could be operated remotely and was turned off when recording force curves.
Force curves were obtained2 by mounting a single particle (diameter 30 - 40 pm) 
on to the underside of a commercial AFM cantilever spring. A substrate of the
1 Zeiss Axiotech reflected light microscope
2 A full description of the operating procedure is provided in Appendix 3.
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same material was then cycled in and out of contact with the mounted particle. 
The sample velocity was kept below 1 pm.s' 1 to avoid dynamic effects, as 
described previously in Section 2.4.2.
Measurements of humidity and temperature were made using a Vaisala HMP 35 
probe, with the sensor sited approximately 30 mm from the particle and 
substrate. An allowance of 5 - 10 minutes was made for the system to reach 
equilibrium after a change in RH. This was considered reasonable given the 
exposure of particle and substrate to the surrounding atmosphere. In addition, 
localised heating due to the liberation of latent heat upon adsorption was 
thought only to be significant at very high levels of relative humidity, i.e. when a 
large amount of water vapour is condensing on the sample surface (see 
Figure 2. o).
This hypothesis was tested experimentally by i) allowing a longer time to reach 
equilibrium and ii) introducing a sudden step change in relative humidity. Where 
a longer time was allowed for equilibrium, e.g. over 90 minutes at > 80% RH, no 
significant increase in adhesion above that attained after 5 minutes was 
observed. In addition, no significant lag in adhesion response was observed 
after applying a sudden step change in relative humidity to the system. Both 
responses suggest the allowance of 5 - 10 mins for approach to equilibrium to 
be sufficient.
The humidity was ramped up and down, i.e. promoting adsorption and 
desorption of water on the sample surface, to identify any hysteresis in the 
adhesive behaviour between particle and surface. Where hysteresis was 
observed, the humidity was again ramped up and down to examine whether the 
effect was reversible.
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4.5.2 Piezo calibration technique
The piezo displacement was calibrated using the technique of Jaschke and Butt 
(1995) and a model (Libioulle et a l 1991) fitted to the data. The calibration 
technique exploits interference effects between coherent laser radiation 
reflected off the back of the cantilever and from the sample surface. Such 
effects, observed as modulations in the PSD signal, are sometimes seen when 
imaging a reflective sample surface using a commercial AFM (Attard, 1999).
A small mirror placed on top of the piezo tube (See Figure 4.4) was inclined at 
an angle to the incident laser radiation identical to that of the cantilever, i.e. the 
mirror and cantilever are parallel. The sample piezo was moved close to, but 
not in contact with the cantilever tip and cycled at the desired frequency 
(typically 0.1 Hz). No coupling was observed between the mirror and the 
cantilever, i.e. the cantilever showed no deflection throughout the procedure.
Figure 4.4 Schematic diagram showing calibration of the sample piezo
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The size of the laser spot is sufficiently large for portions to be reflected off both 
the mirror and the cantilever. By careful adjustment of the position sensing 
diode, both beams could be made to coincide on the position sensing detector.
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A series of maxima and minima were observed on the oscilloscope representing 
changes in intensity at the detector due to interference effects between the 
reflected beams.
The distance between adjacent maxima or minima represents an optical path 
difference of X, where X is the wavelength of the incident laser radiation 
(670 nm). By considering the geometry of the system, the path difference can 
be related to the displacement of the sample piezo,
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where Z is the piezo displacement and / is the angle of the incident laser beam 
on the cantilever and mirror.
The angle / is measured by placing a pointer adjacent to the machined face of 
the laser gantry and reading the angle made with the horizontal. This value is 
subject to an error of ± 1°, representing an overall error of ± 0.1 nm.NA1 in the 
piezo response (see Section 6.5 for a comprehensive discussion of 
uncertainties associated with the measurement of adhesive force using the 
custom instrument employed in this study).
To obtain sufficient clearance between sample and the cantilever mount, it 
became necessary to re-configure the instrument geometry such that incident 
laser radiation fell perpendicular to the sample piezo with the cantilever placed 
at an angle sufficient to reflect light on to the PSD. This configuration is shown 
in Figure 3.2a. The geometrical relationship between optical path length and 
piezo displacement for this configuration is given by Jaschke and Butt (1995).
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4.5.3 Piezo calibration results
The calculation of adhesive force from force-displacement curves relies on a 
knowledge of sample displacement. Hence, it was necessary to calibrate the 
sample piezo before proceeding with the adhesion studies. See previous pages 
for a description of the calibration technique.
Figure 4.5 Screenshot showing a piezo calibration sequence
Figure 4.5 displays the series of maxima and minima that are observed, as 
undulations in the detector signal, during calibration. The incident beam reflects 
off the cantilever and interferes with the reflected beam from the flat surface of 
the sample piezo. The spacing between adjacent maxima or minima can be 
calculated using Equation (4.1). The cumulative value is then plotted against 
the piezo voltage corresponding to each maxima (or minima). A typical plot is 
displayed in Figure 4.6.
90
Chapter 4: Experimental techniques and instrument calibration
The performance of the piezo is characterized by fitting a model (Libioulle et al., 
1991) to the calibration data. The piezo model, Equations (4.2) and (4.3), is 
essentially a second order polynomial expression accounting for both the linear 
expansion of the piezo and the hysteresis between expansion and contraction 
cycles.
Expansion component
S = aV2 +bV (4.2)
Contraction component
Where, S is the piezo displacement, a and b are model constants, V is the 
applied potential and Vm is the maximum applied potential. Parameter a 
compensates for hysteresis effects and parameter b is a linear expansion 
coefficient.
S = aVm2 -a(V-Vm)2 +bV (4.3)
Figure 4.6 Example of a piezo calibration curve
3000
PZT-5H tube (I = 20, w = 15, t = 0.5 mm) 
Cycling frequency = 0.1 Hz
0 50 100 150 200 250 300 350 400 450
Voltage across piezo I V
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The piezo mode! is incorporated into the data processing software (Section 3.5), 
converting a voltage applied across the sample piezo into its corresponding 
displacement value. The gradient of the voltage supply to the piezo determines 
whether the piezo is expanding or contracting and consequently identifies which 
component of the piezo model should be used for hysteresis correction.
Calibration data are placed into a spreadsheet and correlated against the piezo 
model by adjusting the value of parameters a and b. Appropriate values, shown 
below in Table 4.1, are identified using a least squares technique, i.e. values of 
parameters a and b are selected so that the difference squared between 
experimental data and calculated displacement is minimized.
Table 4.1 Piezo model parameters
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a 0.0043 nm.V"2
b 5.1 nm.V'1
Vmv 496 V
Parameter a, providing hysteresis compensation, is system specific. Referring 
to Figure 4.8b, the coincidence of approach and withdrawal curves in the 
contact region (A-B) indicates that a is of an appropriate value and that proper 
account has been made for piezo hysteresis. The linear piezo response, 
described by parameter b, agrees well with data published in the literature giving 
credence to the calibration technique. This is shown on the following page in 
Table 4.2. The dimensions of the piezo used in the present study reflect its 
greater displacement.
Piezo calibration was performed at different frequencies to examine the effect of 
cycling frequency on piezo response. Referring to the results shown on the 
following page in Figure 4.7, no significant change in performance, as described 
by piezo mode! parameters a and b, was observed over a frequency range of 
0.02 - 1.0 Hz. A frequency of 0.1 Hz was used for all the experimental 
measurements presented in Chapter 5.
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Table 4.2 Published z-axis calibration data for piezo-tubes
Worker OD
(mm)
length
(mm)
thickness
(mm)
type response
(nm.V*1)
Binnig and 
Smith (1986b)
6.35 12.7 0.51 PZT-5A1 5.0
Burnham and 
Colton (1989)
6.35 12.7 0.51 PZT-5A 5.0 sample piezo
6.1 tip piezo
Libioulle et al. 
(1991)
3.2 12.7 0.51 PZT-5H 7.1
Seidle and Butt 
(1995)
commercial machine - 
Nanoscope II AFM
PZT-5? 7.2
Albrektson et al. 
(1989)
PZT-5H 4.5
Present work 15 20 0.5 PZT-5A 5.1
Figure 4.7 The response of the sample piezo to changes in cycling frequency
n 3
0.01
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0.0045
0.004
0.0035
0.003
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0.0015
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0
1 PZT-5A (Navy Type II) is a lead zirconate titanate with high sensitivity, permitivity and time 
stability.
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4.5.4 Effect of piezo hysteresis correction on acquired force 
curves
The corrective effect of the software on piezo hysteresis can be seen by 
comparing the two force curves shown in Figures 4.8a and 4.8b. Both curves 
show piezo displacement as a function of position sensing detector voltage, 
which corresponds to cantilever displacement. The arrows on the figures 
display the direction of movement of the piezo.
Figure 4.8a highlights the difference in approach and withdrawal curves within 
the contact region (shown as A-B in Figure 4.8b) when piezo hysteresis is left 
uncorrected. This difference will manifest as a variation in the contact gradient 
(exceeding 10%) used to determine cantilever displacement. A variation contact 
gradient will result in a subsequent error in the measurement of adhesive force.
Coincidence of approach and withdrawal curves in the contact region (A-B) in 
Figure 4.8b, indicates that proper account has been made for piezo hysteresis.
4.5.5 Spring constant determination
An attempt was made during an initial feasibility study (Cleaver, 1996) to 
calibrate the cantilever spring constant using the Cleveland technique 
(Cleveland et al., 1993). This technique is explained fully in Section 2.4.2. 
Inserting appropriate values, k = 47 N.m'1, v0 = 182 kHz, Afy = 8.21 x 10' 11 kg, 
into Equation (2.22), gives v1 = 100 kHz and hence predicts a shift in resonant 
peaks of approximately 80 kHz. In principle, this lies within the range of 
detection of the commercial AFM1 employed for the study. -+
1 Topometrix Explorer™, access kindly provided by Prof Paul F Luckham, Imperial College,
London, UK
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Figure 4.8a Force curve for a glass microsphere (16 pm radius) on a glass 
surface displaying characteristic piezo hysteresis
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However, identification of the corresponding resonant peaks was difficult to 
perform with any confidence. In practice, many other peaks associated with the 
vibration of the cantilever are also detected. Using the custom built instrument, 
the Cleveland technique is restricted to frequencies < 30 kHz, i.e. soft 
cantilevers, due to the limiting frequency response of the PSD signal amplifiers.
Images of the cantilever and the glass microsphere were obtained using an 
SEM (Figure 4.2) and an optical microscope (Figure 4.3). The appropriate 
cantilever dimensions (thickness = 6.95 pm, width = 38.5 pm, length = 228 pm) 
were measured from the photographs and inserted into Equation (2.25). Using 
manufacturer’s data, a Young's modulus of Si was taken as 1.71x1011 N.m"2, 
agreeing well with the value quoted by Rabe et al. (1996) of 1.69x1011 N.m'2 
The resulting spring constants of 46.6 N.m"1 (E = 1.71x1011 N.m"2) and 
46.1 N.m*1 (E = 1.69x1011 Nm'2) fall within the range of values as quoted by the 
manufacturer: 37 - 57 N.m"1 for cantilever springs of this type.
4.5.6 Summary of calibration procesess
The following bullets provide a summary of results attained from the instrument 
calibration process.
• Piezo calibration was performed successfully in situ using an interference 
technique to obtain voltage-displacement calibration data.
• A model describing the performance of the piezo was validated against 
experimental calibration data. The linear piezo response agrees well with 
values published in the literature. The piezo model was integrated into the 
data processing software and used to correct for piezo hysteresis and 
calculate the true piezo displacement for a given voltage.
—>
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• Coincidence of approach and withdrawal curves in the contact region 
indicates that proper account has been made for piezo hysteresis.
• No significant change in piezo performance was observed over a frequency 
range of 0.02 -1.0 Hz, i.e. normal operating conditions.
• Cantilever spring constants have been calculated using Equation (2.25) and 
fall within the range of values as quoted by the manufacturer: 37 - 57 N.m'1. 
Comparisons of calculated and experimentally determined cantilever spring 
constants documented in the literature, show calculated values to be reliable.
Chapter 4: Experimental techniques and instrument calibration
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C h a p t e r  5  
R e s u l t s
5 .1  I n t r o d u c t io n
Following an overview of i) the experimental details, ii) the format and rationale 
of the presented data and iii) the extraction of adhesion values from raw data, 
this chapter is divided into three main sections. Section 5.2 presents data and 
analysis examining the influence of applied load on adhesive force. Section 5.3 
details the adhesion study, providing experimental data on the influence of 
relative humidity on measured adhesion between a single particle and flat 
surface. Finally, Section 5.4 outlines the process for generating force 
separation curves from the raw experimental data and is accompanied by 
examples representative of the main body of data.
5.1.1 Experimental details
Adhesion studies were performed using single particles less than 40 pm in 
diameter mounted on the underside of an AFM cantilever. The particles were 
cycled in and out of contact with a flat substrate of the same material at a 
frequency of 0.1 Hz. This corresponds to a sample velocity of -  0.5 pm.s'1. 
Three materials were studied: glass on glass, gold on gold and quartz on quartz.
A summary of the experimental conditions can be found on the following page in 
Table 5.1.
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Table 5.1 Experimental details of adhesion studies (particle against flat substrate)
Reference
date
material particle
shape
particle 
diameter / pm
- sample 
preparation
a - source 
present
10SEP1998 glass sphere 40 IPA yes
9SEP1998 glass sphere 40 IPA no
11MAR1998 glass sphere 30 Decon 90 no
13MAY1998 glass sphere 37 IPA no
21MAY1998 glass sphere 37 IPA no
17JUN1998 gold sphere 37 - no
11AUG1998 quartz angular ~ 40 freshly cleaved no
6AUG1998 quartz angular -4 0 freshly cleaved no
Adhesion studies were performed with and without an alpha particle emitting 
source (Americium 241) placed in close proximity to the particle and surface. An 
alpha source was used to reduce the presence of any surface charge. Alpha 
particles resemble electron deficient helium nuclei, i.e. 2 protons and 2 neutrons. 
They become neutralized by gaining electrons to form Helium atoms. Both 
Zimon (1982) and Derjaguin and Abrikossova (reprinted 1992) advocate the use 
of ionizing radiation to reduce the presence of surface charge.
The relative humidity was ramped up and down in two consecutive cycles to i) 
detect any hysteresis that may occur in the adhesion measurement and ii) to 
identify the reversibility of such effects.
The glass surfaces were prepared by either soaking overnight in IPA or by 
washing with a 2% Decon 90 solution. Two techniques were adopted to 
examine the influence of sample preparation upon the experimental results.
A gold coating was applied to the glass surface (refer to Section 4.3) to examine 
the influence of the glass surface on adhesion as a function of relative humidity.
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Quartz particles were selected to contrast with the relatively impure soda lime 
glass (refer to Section 4.2) and hence examine the effect of impurities upon 
interparticle force as a function of relative humidity.
5.1.2 Format of experimental data
Experimental data are presented in an identical format for each material. A 
reference date is provided to identify the experiment (see Table 5.1). Details 
regarding the size and surface preparation technique of the particle and surface 
are given, and cantilever data are provided.
Two graphs are presented for each experiment. The first shows the change in 
data (adhesive force, relative humidity and temperature) over the duration of the 
experiment. While the second displays the variation in adhesive force with 
relative humidity.
s.
Comments are provided to draw attention to the main features of each data set.
5.1.3 Extraction of adhesive force from raw data
The adhesive force between particle and substrate is denoted by the maximum 
deflection of the cantilever prior to detachment (or decoupling) of the two 
surfaces (see Pollock et al., 1978) On a force-separation curve this is 
represented by the minimum in the withdrawal curve. This is shown 
schematically in Figure 3.4 by the difference between points 1 and 4 on the 
ordinate axis.
Raw data are acquired in the form: detector voltage versus piezo displacement, 
where the detector voltage corresponds to the deflection of the cantilever and is 
proportional to the force acting between particle and surface. The conversion of 
raw experimental data into force-separation format is described in Section 5.4.
Chapter 5: Results
100
Chapter 5: Results
5 . 2  I n f l u e n c e  o f  a p p l i e d  lo a d  o n  a d h e s i v e  f o r c e
Experiments were performed to monitor the contribution of changes in applied 
load to the measured adhesive force.
The contact region of a typical force curve was assessed for linearity using a 
least squares regression (see Figure 5.1). The correlation coefficient, R2, 
approaching unity indicates a high degree of linearity within this region, 
suggesting that the contact between glass surfaces can be assumed rigid.
Figure 5.1 Least squares regression performed on the contact region of a force curve
In addition, the applied load was varied over a range of humidities for both 
glass-on-glass and gold-on-gold samples (see Figures 5.2 and 5.3). Both plots 
show negligible change in adhesion with varying applied load, implying that 
there is no need for concern over this parameter in the present study. These 
data agree with earlier work of Tyrrell and Braithwaite conducted on a 
commercial AFM and forming part of an initial feasibility study (Cleaver, 1996). 
Schaefer et al. (1995) also found little dependence of the adhesive force on the 
externally applied load, for glass spheres (8 pm in diameter) contacting a flat 
graphite surface.
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Figure 5.2 Influence of applied load on adhesive force (glass)
Glass microsphere on glass surface JWGT 9/9/1998
22000 24000 26000 28000 30000 32000 34000 36000
Applied load I nN
Figure 5.3 Influence of applied load on adhesive force (gold)
20000
37 micron Au coated glass sphere on flat JWGT 
17/6/1998
10000 15000 20000 25000 30000 35000 40000 45000
Applied load I nN
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The scatter seen in Figure 5.3 is probably due to the deterioration of the gold 
surface towards the end of the experiment. Figure 6.8 shows an SEM image of 
the gold coated microsphere used for this study and provides clear evidence of 
this deterioration.
5 . 3  A d h e s i o n  s t u d i e s
In this section results are presented for a series of experimental studies 
examining the influence of relative humidity on interparticle force. 
Measurements of adhesive force were taken using the custom force instrument 
described in Chapter 3. Three materials were examined: soda-lime glass, gold 
and amorphous quartz.
There is a gradual temperature increase of no more than 4 degrees over the 
duration of each experiment (up to 5 hours). This is due to the heating effect of 
an electric motor powering a fan placed inside the chamber to assist mass 
transfer of water vapour. Whilst it is expected that the quantity of adsorbed 
moisture will depend on the system temperature, it is apparent from the data 
(shown in Figures 5.4 - 5.11) that changes in RH have a dominant effect on 
adhesion and any influence on adhesion as a result of the gradual increase in 
temperature (< 1° C per hour) can be discounted. The fan was switched off 
when recording force curves.
Each data-point on the graph represents a single adhesion measurement 
extracted from a force-displacement curve (see Section 5.4) comprising 1000 
data-points. Three force-displacement curves were acquired for a given relative 
humidity.
The format of the data presented in Figures 5.4a/b - 5.11a/b is at first sight 
somewhat confusing. However, this format preserves the information conveyed 
by the data. Any simplification of the format would result in loss of information.
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5.3.1 Glass microsphere on glass surface in the presence of 
Am241
Reference date:
10 SEP 1998
Particle size and surface preparation technique:
40 pm diameter particle (as used 9 SEP 1998), soaked in IPA
Cantilever data
length 2.50E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.nrt
calculated spring constant 38.6 N.m' 1
Comments
Figures 5.4a and 5.4b show comparatively little change in adhesive force as the 
relative humidity is decreased from 95% to 50%. At this point the adhesive 
force increases rapidly to a maximum value at 40% and then drops to a 
negligible level at 35%. A similar response between particle and surface can be 
observed for a second time as the humidity is reset at 55% and then decreased 
again to 35% RH.
The ‘step-like’ features present in the relative humidity data shown in 
Figure 5.4a are due to interruptions in RH measurement when recording force 
curves.
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Glass microsphere on glass surface JWGT10/9/1998
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5.3.2 Glass microsphere on glass surface in the absence of 
Am241
Reference date
9 SEP 1998
Particle size and surface preparation technique
40 |um diameter particle, soaked in IPA
Cantilever data
length 2.50E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.m'2
calculated spring constant 38.6 N.m' 1
Comments
Figures 5.5a and 5.5b show comparatively little change in adhesive force as the 
relative humidity is decreased from 95% to 55%. At this point the adhesive 
force increases rapidly to a maximum at 40% and then fails as the humidity 
continues to decrease. Very large values of adhesive force are observed as the 
humidity is reset at 50% and then decreased. These large values show a 
tendency to decrease with decreasing humidity.
Notice the general agreement in adhesion values between 9SEP1998 and 
10SEP1998 (see previous) over the range 90 - 50% RH.
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Figure 5.5a
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Reference date
11 MAR 1998
Particle size and surface preparation technique
30 pm diameter particle, washed in Decon 90
5 .3 .3  G l a s s  m ic r o s p h e r e  o n  g l a s s  s u r f a c e
Cantilever data
length 2.50E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.rrri
calculated spring constant 38.6 N.m' 1
Comments
The adhesive force, as shown in figures 5.6a and 5.6b, remains at around 
2000 nN as the humidity is decreased from 35% to less than 10% and then 
increased back up to 35%. A slight increase in adhesive force can be observed 
at around 40%. As the humidity continues to increase, the adhesive force 
returns to its former value of 2000 nN, rising slightly as the humidity approaches 
90%. Decreasing the humidity provokes a significant increase in adhesive 
force, which reaches a maximum at around 40%. These large values in 
adhesive force decay rapidly as the humidity continues to fall to 30%.
108
Figure 5.6a
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Glass m icrosphere on glass surface J W G T 11/3/1998
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Reference date
13 MAY 1998
Particle size and surface preparation technique
37 pm diameter particle, soaked in IPA
5 .3 .4  G l a s s  m ic r o s p h e r e  o n  g l a s s  s u r f a c e
Cantilever data
length 2.45E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.m''6
calculated spring constant 41.0 N.m' 1
Comments
The adhesive force, as shown in figures 5.7a and 5.7b, passes through a slight 
maximum at around 45% as the humidity is decreased from 60% to less than 
10%. This path of adhesive behaviour is retraced as the humidity is increased 
from less than 10% to 85%, with the adhesive force remaining at an otherwise 
constant level. No significant change in adhesive force is observed until the 
humidity is decreased below 43%. At around 40% the adhesive force rises 
sharply to large values.
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37 micron glass sphere on glass flat JWGT 13/5/1998
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Reference date
21 MAY 1998
Particle size and surface preparation technique
37 jLim diameter particle (as used 13 MAY 1998), soaked in IPA
5 .3 .5  G l a s s  m ic r o s p h e r e  o n  g l a s s  s u r f a c e
Cantilever data
length 2.45E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.m'2
calculated spring constant 41.0 N.m' 1
Comments
Figures 5.8a and 5.8b show comparatively little change in adhesive force as the 
humidity is decreased from 95% to 60%. As the humidity falls below 60% the 
adhesive force begins to increase reaching a maximum at around 40%. These 
maximum values of adhesive force decrease rapidly as the humidity continues 
to fail to 30%.
Again, notice the general agreement in adhesion values between 21MAY1998 
and those of 9/10SEP1998 (see earlier) over the range 90 - 50% RH.
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Figure 5.8a
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Reference date
17 JUN 1998
Particle size and surface preparation technique
37 pm diameter particle (as used 13 MAY 1998), soaked in IPA
5 .3 .6  G o ld  c o a t e d  g l a s s  s p h e r e  o n  g o ld  c o a t e d  f la t
Cantilever data
length 2.45E-04 m
width 4.20E-05 m
thickness 6.95E-06 m
E silicon 1.71E+11 N.m'2
calculated spring constant 41.0 N.m'1
Comments
The adhesive force, shown in figures 5.9a and 5.9b, remains at a similar level 
as the relative humidity is decreased from 90% to 10% and appears to be 
unaffected by changes in relative humidity. Contrast this behaviour with the 
sharp increase and then decrease in adhesion for glass surfaces, as the relative 
humidity is decreased from > 80% RH to 30% RH.
The adhesive force falls to low levels towards the end of the experiment.
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Reference date
11 AUG 1998
Particle size and surface preparation technique
Particle approximately pyramidal in shape, point contact
5 .3 .7  Q u a r tz  p a r t ic le  o n  q u a r t z  s u r f a c e
Cantilever data
length 2.25E-04 m
width 3.60E-05 m
thickness 3.40E-06 m
E silicon 1.71E+11 N.m'2
calculated spring constant 5.31 N.m'1
Comments
Figures 5.10a and 5.10b show the adhesive force to increase slightly with 
increasing relative humidity from 40% to 85% and then to continue the slight 
increase as the relative humidity is decreased to 40%. As the relative humidity 
is decreased further to 10%, the adhesive force decays. Notice the change in 
scale of the ordinate axis reflecting the likely reduction in contact area, as a 
consequence of the angular nature of the quartz particles (Figure 6 .6)
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Figure 5.10a
Quartz particle on quartz surface JWGT 11/8/1998
Time I mins
Figure 5.10b
Quartz particle on quartz surface JWGT 11/8/1998
Relative humidity I %
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5.3.8 Quartz particle on quartz surface
Date of experiment
6 AUG 1998
Particle size
Particle approximately rectangular in profile (40jum x 20pm)
Cantilever data
length n / a
width n / a
thickness n / a
E silicon 1.71E+11 N.m'2
Manufacturer’s spring constant 0.12 N.m'1
Comments
Figures 5.11a and 5.11b show no major change in adhesive force as the 
humidity is increased from 60% to 80%, held above 80% for over 60 mins and 
then decreased to 30%. A slight decrease in adhesive force with increasing 
humidity can be seen.
Again, contrast this behaviour with the sharp increase and then decrease in 
adhesion for glass surfaces, as the relative humidity is decreased from > 80% to 
30% RH.
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5 . 4  F o r c e  s e p a r a t i o n  c u r v e s
5.4.1 Introduction
So far the main results presented have been in terms of adhesion. It is of great 
interest to determine the dependence of force with absolute separation distance 
between solid surfaces. Features such as repulsion and elongation of the liquid 
bridge can be quantified. Care must be exercised because the cantilever spring 
may not always be in a state of mechanical equilibrium and may jump between 
two equilibrium points. These unstable states are usually characterised by 
vertical or near vertical movement on the force-separation curve and can 
therefore be readily identified.
This section describes the conversion of acquired voltage-displacement data 
into force-separation data. Once this process is explained, individual force 
curves are shown. Curves are representative of the main body of data, 
comprising more than 500 individual force curves.
5.4.2 Conversion of acquisition data into force-separation 
format
Experimental data are acquired in the form: detector voltage versus piezo 
displacement. The detector voltage can be related to the force acting on the 
cantilever, and the piezo displacement corrected to represent true particle- 
surface separation. The following figures and text describe how the process is 
performed. It should be noted that this process is in agreement with guidelines 
given by Ducker et al. (1992).
Software was written to allow the export of experimental data to a spreadsheet. 
When plotted in its raw form (Figure 5.12) the curve is exactly as can be viewed
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using the HPVEE data acquisition routine. The deflection of the cantilever beam 
is proportional to the force between the particle and surface.
Figure 5.12 Experimental data1 as exported from the HPVEE data acquisition routine
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A mean value of the detector voltage corresponding to data outside the region 
of particle-surface interaction is taken to give a ‘zero force' voltage (a value of 
approximately -0.6 V in the above example, corresponding to piezo 
displacement data of approximately 1000 nm and above).
This region of constant voltage, or deflection, corresponds to ‘zero force’ on a 
force-separation curve and can be defined accordingly. The ‘zero force’ voltage 
. is subtracted from all of the data, shifting the trace vertically. This is shown on 
the following page in Figure 5.13. ->
1 The data originates from 11MAR1998 (39.9%, 24.5°C). The break in the curve is due to the 
timing of the acquisition cycle.
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Figure 5.13 Experimental data with ‘zero force' voltage correction applied
The signal from the position sensing detector represents the absolute movement 
of the cantilever. The separation between surfaces is equal to the movement of 
the cantilever relative to the movement of the sample surface, i.e. piezo 
displacement. When the cantilever and sample are in contact, the displacement 
of the sample is synonymous with the deflection of the cantilever. Given 
calibration of the sample piezo, this feature can be utilised to calculate the 
cantilever deflection. Hence, by multiplying the detector voltage by the 
reciprocal of the solid-solid contact gradient, the cantilever displacement can be 
obtained.
.This process may be easier to visualise by referring to Figure 5.14, on the 
following page, which shows the cantilever and piezo displacement as a function 
of time (the interval between data-points represents a duration of O.ois). -»
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Figure 5.14 Cantilever and piezo displacement a s  a function of time (the interval
The separation between surfaces is represented by the vertical distance 
between the cantilever and piezo traces. Notice the offset that has been applied 
to the cantilever displacement. This is necessary to account for the initial 
separation between cantilever and sample prior to cycling of the piezo. Recall 
that the sample is advanced mechanically until it is within close proximity of the 
cantilever (Section 3.4). For clarity the offset has been over-estimated in Figure 
5.14. A correct offset value shifts the cantilever trace vertically so that it is 
coincident with the piezo trace at points of solid-solid contact. An appropriate 
value for Figure 5.14 would be 3220 nm, i.e. the sample was advanced 
mechanically to a distance of 3220 nm from the cantilever prior to cycling of the 
piezo.
The force acting on the cantilever can be calculated using Hooke’s law 
(Equation 2 .H>), /.©. multiplying the cantilever displacement by the cantilever 
spring constant (see Section 2.4.2). A force-separation curve (Figure 5.15) can 
now be generated by plotting these data against separation.
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Figure 5.15 A force-separation curve generated from raw experimental data
5.4.3 Categories of force-separation curve
It is possible to separate the acquired force-separation curves1 into three 
categories by identifying specific characteristics.
• i) Adhesive with bridge elongation
These curves (Figures 5.16 through to 5.18) show an attractive force between 
particle and surface as the surface is advanced towards the particle. Upon 
separation the attraction between particle and surface persists over a separation 
distance that increases with increasing relative humidity, once the relative 
humidity has reached a ‘threshold’ value of around 75 - 80%. This has been 
observed for experiments with either glass (Figures 5.16 and 5.17) or quartz 
(Figure 5.18) as the sample material. Given the presence of a liquid bridge 
between surfaces, this behaviour is readily explained by an elongation of the 
liquid bridge.
1 For all curves shown within this section, the upper portion of the trace corresponds to the 
approach, and the lower portion to the withdrawal of the sample from the cantilever probe.
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• ii) Adhesive without bridge elongation
The force curves are as described above, but no increase in the attractive 
separation distance is observed with relative humidity. These curves (Figure 
5.19) are observed, even at high RH, for experiments where gold is chosen as 
the sample material, and for glass and quartz at lower humidities.
• iii) Repulsive
Once the humidity is decreased to a critical value of around 40%, glass particles 
and surfaces exhibit a repulsive force as their separation decreases, i.e. upon 
approach. This behaviour can be seen in Figures 5.20 through to 5.23, where 
each figure comprises three graphs showing the development of the repulsive 
behaviour with decreasing RH.
The repulsive force between particle and surface is observed at this ‘critical’ 
humidity only as the relative humidity is decreased from an initial value of 
around 80%, i.e. on desorption. If the humidity is reset at 50% and then 
decreased, repulsive behaviour is again observed. A repulsive force has never 
been seen as the humidity is increased over the 30 - 50% region.
The repulsive force is first detected at a separation of around 250 nm. The two 
surfaces are eventually forced into contact as the sample is driven towards the 
cantilever. Upon retraction, a large attractive force can now be seen between 
particle and surface. This attractive force persists over a separation of greater 
than 500 nm. Repulsive behaviour between particle and surface only occurs 
when the sample material is glass.
It is worth noting that the striking repulsion and associated strong adhesion 
correspond to the data exhibiting sharp adhesion maxima in Figures 5.4 through 
to 5.8.
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Adhesive force curves with bridge elongation 11MAR1998 (glass)
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Adhesive force curves with bridge elongation 10SEP1998 (glass)
Figure 5.17a 93.8% RH 20.4 °C
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Adhesive force curves with bridge elongation 11AUG1998 (quartz)
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Adhesive force curves without bridge elongation
Figure 5.19a 21MAY1998 (glass) 19.0% RH 25.6 °C
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Figure 5.19c 11AUG1998 (quartz) 31.4% RH 20.7 °C
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Seq u en ce  show ing developm ent of repulsive force 10SEP1998 (g la ss)
Figure 5.20a 54.1% RH 21.5 °C
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Figure 5.20b 44.7% RH 22.0 °C
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S eq u en ce  show ing developm ent of repulsive force 11MAR1998 (g la ss)
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Figure 5.22a 46.4% RH 24.5 °C
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S eq u en ce  show ing developm ent of repulsive force 21MAY1998 (g la ss)
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Seq u en ce  show ing developm ent of repulsive force 13MAY1998 (g la ss)
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6 .  D i s c u s s i o n
6 .1  I n t r o d u c t io n
In this chapter the experimental results of the previous chapter are discussed in 
light of experimental and theoretical evidence drawn from the literature.
The discussion commences with an examination of the interactions observed 
between glass surfaces as a consequence of changes In relative humidity. 
Attention is then focused on the interactions between quartz, and finally gold, 
surfaces. Quartz and gold were selected as materials primarily to contrast with 
the surface composition of soda-lime glass. Finally, an error analysis is 
performed to identify and quantify uncertainties associated with the experimental 
measurement of adhesive force.
6 . 2  I n t e r a c t i o n s  b e t w e e n  g l a s s  s u r f a c e s
Glass microspheres have characteristics that favour their selection as a model 
particle system: an appropriate size range, well defined geometry, insolubility, 
low cost and relative safety. However, the experiments conducted as part of 
this study reveal interesting behaviour previously unreported.
The following headings reflect the different aspects of experimental behaviour 
documented in the results (Chapter 5).
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Figures 5.4 through to 5.8 show an adhesive force in the region of 4000 - 
6000 nN between a glass sphere and a glass surface over a humidity range of 
50 - 90% RH. This value is substantially less than the value of 17000 nN 
predicted by Equation (2.1) for the adhesion of a smooth sphere 40 j+m in 
diameter in contact with a flat surface in the presence of an annulus of 
condensed water vapour (see Appendix 1). A contact angle of 20° is assumed 
to reflect experimental observations. The models of Hotta (1974) and linoya 
(1967) also give similar calculated values of adhesive force.
The discrepancy between measured and predicted values can be explained by 
considering the action of disjoining pressure and surface roughness effects. 
Neither are taken into account in Equation (2.1).
Zimon (1982) found that even for a relative humidity close to 100%, when 
adhesion is solely because of the capillary effect, the adhesive forces 
determined experimentally for glass are still smaller than those calculated from 
Equation (2.1). Given these data, Zimon concludes that the schematic picture 
for the action of capillary forces represents a special case. It is evident that as 
the air humidity is increased, the gap between the contiguous bodies will be 
filled with water, and in the equilibrium state, when the disjoining pressure of the 
water film is balanced by the forces of interaction between the contiguous 
• bodies, the gap (or film thickness) will take on an equilibrium value H. If H is 
small, the forces of molecular interaction of the contiguous bodies will 
compliment the capillary forces; if H is large, the disjoining pressure of the thin 
layer included between the contact surfaces will reduce the adhesion: Fad = 
Fcap -  Fdisj.
In addition to the effect of disjoining pressure surface roughness, as detailed in 
Section 2.2, will certainly contribute to the difference between measured and
6 .2 .1  M a g n itu d e  o f  a d h e s iv e  f o r c e
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predicted adhesion between surfaces. Equation (2.1) has been verified only for 
smooth surfaces, e.g. the smoothness of mica surfaces used in the experiments 
of Fisher and Israelachvili (1981) verged on the atomic. The findings of 
McFarlane and Tabor (1950) suggest that fully developed capillary bonding 
between particles occurs when the adsorbed layer becomes sufficiently thick to 
cover surface asperities. Schaefer et al. (1995) also recognise that surface 
roughness acts to reduce the adhesion between solids, so that the effective 
radius of the sphere appearing in Equation (2.1) must be decreased if asperities 
are present. This would then reflect a number of micro-contacts rather than a 
single uninterrupted contact region.
In an earlier study (Cleaver, 1996) the profile of a glass surface, taken from the 
same batch as used in the present study, was mapped using a commercial 
AFM. Asperity heights of up to 70 nm were observed. The capillary model of 
Hotta (1974) predicts a solid-solid separation of only 9 nm around the perimeter 
of the liquid bridge (see Section 2.3). Hence, it is likely that asperity heights of 
70 nm will disrupt the liquid bridge. The models of both linoya (1967) and 
Coughlin (1982) show capillary force to be proportional to contact radius. It 
follows that asperity disruption of a single contact region, resulting in a number 
of micro-contacts, will manifest as a reduction in the overall adhesive force 
between surfaces.
Sato and Tsukamoto (1993) report an increase in surface roughness on soda- 
lime-silicate glass films exposed to increasing relative humidity. The surface 
was studied using an AFM and nano-scale localised corrosion (described in the 
following section) identified as a possible source of surface roughening. Again, 
this evidence supports the presence of surface roughness as a source of 
discrepancy between measured and predicted adhesive force.
At humidities > 80% RH, the experiments show evidence (see Figures 5.16 - 
5.18) of capillary elongation upon surface separation. This implies that the 
surface adsorbed film is mobile, with bulk liquid being drawn into the bridge
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under the action of the surface tension force. The associated increase in bridge 
volume and the change in bridge curvature with elongation, will tend to equalise 
the Laplace pressure inside the bridge and therefore give a value of adhesion 
that is lower than predicted.
6.2.2 Repulsive nature of force curves
An alpha source (Americium 241) was placed in close proximity to the particle 
and surface to reduce the presence of any surface charge (refer to Section 5.1).
The striking behaviour observed in the present study, i.e. repulsion upon 
approach followed by strong adhesion after contact, was observed both with and 
without the presence of an alpha source at a critical value around 40% RH. 
Given the evidence above of Zimon and Derjaguin, this suggests the effect to be 
independent of surface charge. Wan and Lawn (1992), studying adhesion 
energies between mica, silica and mica-silica interfaces, found electrostatic 
effects to dominate only in a dry atmosphere, i.e. < 5% RH. Again, this 
suggests the observed strong repulsion is independent of surface charge.
It is plausible, given evidence of monolayer coverage of water on glass (Trens 
et al., 1996, present a desorption isotherm for water on sodium rich glass fibres 
displaying monolayer coverage around 40% RH) that a thin film of ordered water 
is present on the glass surface. The film would contain orientated dipoles, 
generating an electric field. Both glass and quartz, are predominantly Si02 in 
composition and so it is reasonable to expect a similarly ordered film to also 
exist on the quartz surface. However, when the experiments were repeated with 
quartz the anomalous behaviour was not observed suggesting the effect to be 
peculiar to glass and not the presence of a thin film. This is complimented by 
the observation that coating the glass sample with gold abolished both the 
repulsion upon approach and strong adhesion after contact.
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In a review of the measurement of surface forces, Horn and Smith (1990) 
describe a short range (< 5 nm) repulsive hydration force. The repulsion arises 
from the work required to remove the water of hydration from the polar 
headgroups. Pashley (1983) presented evidence to suggest that with mica 
surfaces the hydration force is only present when there is a significant coverage 
of hydrated cations such as K+ or Na+. While hydrated cations would be 
expected on the surface of the glass (see leaching evidence later), the range of 
5 nm is far too short to account for the observed repulsion. Once the humidity 
has been decreased to around 40% RH the repulsion between glass surfaces is 
effective at separations of between 200 and 250 nm.
Electrostatic forces can be long range, effective over distances of several 
hundred nanometers. Tsuyuguchi et al. (1994) find the rate of surface diffusion 
of contact-electrified electrons on a silicon oxide surface to decrease as the 
water layer is removed. This suggests a possible build up of surface charge on 
the glass layer as the humidity is decreased. However, this does not account 
for the absence of such behaviour observed with quartz samples where, as 
shown by Gee (1990), the quantity of adsorbed water also decreases with 
decreasing humidity which, by the same argument, would also be expected to 
encourage the build up of surface charge.
If electrostatic forces were acting between charged surfaces, the relationship 
would be expected (Balachandran, 1987) to obey the inverse square law, i.e. 
the force is proportional to 1/a2 where a is the separation between particle and 
substrate. Unfortunately, calculation of the magnitude of the force is limited due 
to the requirement for an estimation of the surface charge. However, further 
analysis can be performed on the experimental results by plotting data on log- 
log axes to reveal the nature of the force-separation relationship (Figure 6.1).
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Figure 6.1 Repulsive region of force-separation curve plotted on log-log axes
The repulsive portion of the force-separation curve (see Figures 5.20 - 5.23) is 
poorly described by a power law relationship. A single curve fails to describe 
the experimental data and even two curves, suggesting transitional behaviour, is 
unsatisfactory due to the arbitrary nature of the transition. The implication is 
that the observed repulsive interaction is not electrostatic in nature.
Israelachvili (1992) states that repulsive hydration forces have been found to 
decay exponentially. Interestingly, he quotes a range of 3 - 5 nm, clearly at 
odds with the observed range of 200 nm. Vigil et al. (1994), examining the 
adhesion of silica surfaces in air, describe a modified structure at the silica 
surface (due to interaction with water vapour) giving rise to an exponentially 
decaying repulsive force. The range of this repulsive force is stated to be 
potentially several hundred nanometers. In support, Arman and Kuban (1992) 
show electron micrographs revealing needle-like corrosion products, comprising 
individual crystals less than 1 micron in length, on the surface of soda-lime-silica 
glass stored in a humid environment.
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To explain the repulsion, Vigil and Israelachvili make an analogy between the 
structure on the silica surface and a short polymer or polyelectrolyte brush. The 
repulsion would then be steric in nature, resulting from an overlap in protruding 
groups as surfaces approach. Many workers (e.g., Luckham, Butt et al. 1999, 
Biggs 1995) have observed such repulsive behaviour for polymer systems, 
using both SFA and AFM techniques. Butt et al. show force-distance data for 
an AFM tip interacting with a polymer (polystyrene) brush grafted to a silicon 
substrate. Upon approach a repulsive force is seen act between tip and 
surface. The repulsion is described by an exponential function. Biggs also 
reports exponentially repulsive behaviour upon approach of a 10 pm sphere 
(attached to a commercial AFM probe) to a flat plate, when a polymer 
(polyacrylic acid) is adsorbed on the respective surfaces.
Figures 6.2 through to 6.4 show force separation curves for a glass microsphere 
contacting a glass plate. As can be seen, good agreement is found when an 
exponential relationship of the form y = AeBx is correlated against experimental 
data in the region of repulsive behaviour. Given the analogy of Vigil et al. 
(1994) as described earlier, the exponential dependence eludes to the presence 
of surface structures within the contact region. This is discussed further in the 
following text.
Figure 6.2 10SEP1998 (glass), 37.4% RH, 22.6 °C
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Figure 6.3 11MAR1998 (glass), 41.1% RH, 24.3 °C
Figure 6.4 21MAY1998 (glass), 32.4% RH, 24.8 °C
6.2.3 Sudden increase in adhesion
A  s u d d e n  in c r e a s e  in  a d h e s i v e  f o r c e  w a s  o b s e r v e d  a t  a  c r i t ic a l  v a l u e  o f  a r o u n d  
4 0 %  R H  a n d  o n ly  a s  t h e  h u m id i ty  w a s  d e c r e a s e d ,  i.e. u p o n  d e s o r p t io n .  T h e  
e f f e c t  w a s  n o t  o b s e r v e d  a s  t h e  h u m id i ty  w a s  in c r e a s e d ,  i.e. u p o n  a d s o r p t io n .  
T h is  b e h a v i o u r  im p l ie s  t h a t  m e c h a n i s m s  o c c u r r in g  a t  h ig h  h u m id i ty  a f f e c t  
s ig n i f ic a n t ly  t h e  a d h e s i v e  n a t u r e  o f  t h e  g la s s  s u r f a c e .  R e f e r r in g  to  a d s o r p t io n  
d a t a  f o r  w a t e r  v a p o u r  o n  g la s s  p a r t ic le s  a t  2 0  ° C  ( C h i k a z a w a  et al., 1 9 8 4 ) ,  a  
v a l u e  o f  4 0  %  R H  c o in c id e s  w i th  t h e  f o r m a t io n  o f  m o n o la y e r  c o v e r a g e  o n  t h e
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g la s s  s u r f a c e .  N o  p r e v io u s  d a t a  h a v e  b e e n  f o u n d  in  t h e  l i t e r a t u r e  s h o w in g  s u c h  
a n o m a l o u s  a d h e s i v e  b e h a v i o u r  b e t w e e n  g la s s  s u r f a c e s .  W h e r e  a d h e s io n  
b e t w e e n  g la s s  s u r f a c e s  a s  a  f u n c t io n  o f  r e l a t i v e  h u m id i ty  h a s  b e e n  r e p o r t e d  in  
t h e  l i t e r a t u r e  ( s e e  H a r n b y  et al., 1 9 9 6 a ,  f o r  a  s u m m a r y ) ,  t h e  m e a s u r e m e n t  is  
t y p ic a l ly  p e r f o r m e d  o n  a d s o r p t io n  r a t h e r  t h a n  d e s o r p t io n .  T h e  s t r ik in g  f e a t u r e s  
w i t n e s s e d  in  t h is  s t u d y  o c c u r  d u r in g  t h e  d e s o r p t io n  c y c le  a f t e r  t h e  s u r f a c e s  h a v e  
b e e n  e x p o s e d  to  h ig h  h u m id i ty .
T h e  g la s s  in v e s t ig a t io n s  w e r e  k in d ly  r e p e a t e d  ( P o l lo c k  a n d  J o n e s ,  1 9 9 8 )  o n  a  
c o m m e r c ia l  A t o m ic  F o r c e  M i c r o s c o p e  ( A F M ) .  A g a in ,  a n o m a lo u s  b e h a v i o u r  w a s  
o b s e r v e d  a r o u n d  4 0 %  R H  s u g g e s t in g  t h e  e f f e c t  to  b e  r e a l  a n d  n o t  a n  a r t e f a c t  o f  
t h e  c u s t o m  b u i l t  in s t r u m e n t  u s e d  in  t h is  s tu d y .  P o l lo c k  a n d  J o n e s  w e r e  u n a b le  
to  p r o v id e  a  s a t is f a c t o r y  e x p la n a t io n  f o r  t h e  b e h a v io u r .
T h e  a n o m a l o u s  b e h a v i o u r  w a s  o b s e r v e d  i r r e s p e c t iv e  o f  c le a n in g  t e c h n iq u e ,  
s u g g e s t in g  it t o  b e  s p e c i f ic  t o  t h e  m a t e r i a l  a n d / o r  e n v i r o n m e n t .  E x p e r im e n t s  
w e r e  r e p e a t e d  in  a n  id e n t ic a l  e n v i r o n m e n t  w i th  q u a r t z  a n d  n o  a n o m a lo u s  
b e h a v i o u r  w a s  o b s e r v e d .  U n le s s  t h e  e f f e c t  w e r e  s p e c i f ic  to  g la s s ,  t h e  s t r ik in g  
b e h a v i o u r  w o u ld  a ls o  b e  e x p e c t e d  t o  b e  e v i d e n t  f o r  q u a r t z .  I t  is  r e c o g n is e d  t h a t  
t h e  a n g u l a r  n a t u r e  o f  t h e  q u a r t z  p a r t i c le s  ( s e e  F ig u r e  6 . 6 )  w il l  b e  r e f l e c t e d  b y  
r e d u c t io n  in  c o n t a c t  a r e a .  H o w e v e r ,  it is  t h o u g h t  t h a t  a t  l e a s t  s o m e  e v i d e n c e  o f  
t h e  s t r ik in g  b e h a v io u r  w o u ld  b e  p r e s e n t ,  g iv e n  t h e  m a g n i t u d e  o f  t h e  e f f e c t .
E x p e r i m e n t a l  o b s e r v a t io n s  c a s t  d o u b t  o n  e le c t r o s t a t i c  a d h e s io n  a s  a n  
e x p l a n a t i o n  f o r  t h e  s u d d e n  in c r e a s e  in  a t t r a c t i v e  f o r c e .  T h e  r e d u c t io n  in  
a d s o r b e d  w a t e r ,  a s  s t a t e d  e a r l i e r ,  m a y  p r o m o t e  t h e  b u ild  u p  o f  s u r f a c e  c h a r g e  
a s  t h e  c o n d u c t iv i t y  o f  t h e  s u r f a c e  f a l ls  le a d in g  t o  e le c t r o s t a t i c  in t e r a c t io n s  
b e t w e e n  t h e  p a r t ic le  a n d  s u b s t r a t e .  H o w e v e r ,  t h e  s t r e n g t h  o f  t h e  in t e r a c t io n  
d e c a y s  s u d d e n ly  w h e n  t h e  h u m id i t y  is  f u r t h e r  d e c r e a s e d ,  w h e r e a s  e le c t r o s t a t i c  
i n t e r a c t io n s  w o u ld  b e  e x p e c t e d  t o  p e r s is t .  B a l a c h a n d r a n  ( 1 9 8 7 )  p lo ts  t h e o r e t ic a l  
a d h e s i o n  f o r c e s  d u e  t o  v a r io u s  a d h e s i o n  m e c h a n is m s  f o r  a  s p h e r e  o n  f la t  
s y s t e m  ( a s s u m e d  id e a l ly  r ig id ) .  F o r  a  p a r t i c le  d i a m e t e r  o f  4 0  p m ,  a s  u s e d  in  t h is
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s tu d y ,  a d h e s io n  d u e  t o  e le c t r o s t a t i c  a t t r a c t io n  r a n k s  th ir d ,  a n  o r d e r  o f  m a g n i t u d e  
l e s s  t h a n  v a n  d e r  W a a l s ’ f o r c e s  a n d  t w o  o r d e r s  o f  m a g n i t u d e  le s s  t h a n  l iq u id  
b r id g in g .  S u r f a c e  r o u g h n e s s  is  c e r t a i n l y  s u f f ic ie n t  t o  a t t e n u a t e  t h e  c o n t r ib u t io n  
o f  v a n  d e r  W a a l s  f o r c e s  a n d  l iq u id  b r id g in g ,  e s p e c ia l l y  a t  th is  le v e l  o f  R H ,  i.e. 
3 5  -  4 0  % .  C o n s e q u e n t ly ,  it is  n e c e s s a r y  t o  d r a w  u p o n  o t h e r  m e c h a n i s m s  to  
e x p la in  t h e  o b s e r v e d  la r g e  i n c r e a s e  in  a d h e s i v e  f o r c e .
A s  d e s c r ib e d  e a r l ie r ,  V ig i l  a n d  I s r a e la c h v i l i  ( 1 9 9 4 )  e x a m i n e  t h e  a d h e s io n  o f  
a m o r p h o u s  b u t  h ig h ly  s m o o t h  s i l ic a  f i lm s  d e p o s i t e d  o n  m ic a .  In t e r e s t in g ly ,  t h e  
h y d r o p h i l ic  s i l ic a  s u r f a c e s  w e r e  f o u n d  t o  s w e l l  w h e n  e x p o s e d  t o  h u m id  a i r .  T h e y  
p o s t u la t e  t h e  g r o w t h  o f  a  n e t w o r k  o f  s i la n o l  a n d  s i l ic i l ic  a c id  c h a in s  o n  t h e  
s u r f a c e .  In  a d d i t io n ,  h ig h  a d h e s i o n  e x c e e d i n g  t h a t  o f  c a p i l la r y  f o r c e s  w a s  
o b s e r v e d  b e t w e e n  t h e  s u r f a c e s .  T h i s  is  e x p l a i n e d  b y  t h e  l ik e ly  e x i s t e n c e  o f  
r e a c t i v e  s i l ic a  g r o u p s  t h a t  p r o t r u d e  f r o m  b o t h  s u r f a c e s  in  t h e  p r e s e n c e  o f  w a t e r  
a n d  s lo w ly  ‘s in t e r ’ t h e m  t o g e t h e r .  I f  t h is  r e a c t io n  w e r e  r a t e  c o n t r o l le d  o r  
c a t a l y s e d  b y  t h e  p r e s e n c e  o f  w a t e r ,  t h e n  t h is  w o u ld  h e lp  e x p la in  t h e  s t r o n g  
a d h e s io n  o b s e r v e d  in  t h e  p r e s e n t  s t u d y  a r o u n d  4 0 %  R H .  V ig i l  a n d  Is r a e la c h v i l i  
r e p o r t  h ig h  a d h e s io n  v a l u e s  a t  3 3 %  R H  a n d  f o r  c o n t a c t  t im e s  <  1 0  s , b o t h  in  
a g r e e m e n t  w i th  t h e  p r e s e n t  s tu d y .  U n f o r t u n a t e l y  n o  p lo t  is  s h o w n  f o r  a d h e s io n  
versus r e l a t i v e  h u m id i ty .
In  t h e i r  b o o k  ‘C o r r o s io n  o f  g la s s ’ , C l a r k  et al. ( 1 9 7 9 )  d e s c r ib e  c o m p o s i t io n a l  a n d  
s t r u c t u r a l  c h a n g e s  t h a t  o c c u r  o n  t h e  s u r f a c e  o f  s o d a - l im e - s i l i c a  g la s s e s  a f f e c t in g  
t h e i r  d u r a b i l i t y .  H o l la n d  ( 1 9 6 4 )  p r o v id e s  a  t y p ic a l  c o m p o s i t io n  o f  s o d a - l i m e  
g la s s :  7 4 %  S i 0 2 ,  1 0 %  C a O  a n d  1 6 %  N a 20 .  T h i s  c o m p a r e s  w e l l  w i th  P a n t a n o  
et al. ( 1 9 7 6 )  w h o  c la im  c o m m e r c ia l  s o d a - l i m e  g la s s e s  t o  b e  a p p r o x im a t e ly  7 4 %  
S i 0 2 , 1 2 %  C a O ,  1 3 %  N a 20  a n d  1 %  o t h e r .
T h e  f i r s t  s t a g e  o f  c o r r o s io n  is  a  p r o c e s s  in v o lv in g  io n  e x c h a n g e  b e t w e e n  N a + 
io n s  f r o m  t h e  g la s s  a n d ,  t o  m a in t a in  e le c t r ic a l  n e u t r a l i t y ,  H + io n s  f r o m  t h e  
s o lu t io n  ( a d s o r b e d  w a t e r  l a y e r ) .  T h e  r e m a in in g  c o n s t i t u e n t s  o f  t h e  g la s s  a r e  
u n a l t e r e d .  T h e  p H  o f  t h e  c o r r o d in g  s o lu t io n ,  i.e. a d s o r b e d  w a t e r  la y e r ,  is  s e e n
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t o  in c r e a s e  a s  N a + io n s  r e p l a c e  H + in  s o lu t io n .  T h is  a g r e e s  w i t h  t h e  e a r l i e r  
o b s e r v a t io n s  o f  H o l la n d  ( 1 9 6 4 ) .
C l a r k  et al. c o n t in u e  b y  e x a m in in g  t h is  m e c h a n i s m  in  g r e a t e r  d e t a i l .  A  g la s s  
s u r f a c e  w a s  io n  m i l le d  f o r  1 h o u r  t o  e n s u r e  a  f r e s h  s u r f a c e  a n d  e le c t r o n  
s p e c t r o s c o p y  u t i l is e d  to  o b t a in  d e p t h - c o m p o s i t io n  p r o f i le s .  E x p o s u r e  o f  t h e  
s u r f a c e  t o  l a b o r a t o r y  a i r  a t  r o o m  t e m p e r a t u r e  f o r  o n ly  5  m in u t e s  s h o w e d  a n  
i n c r e a s e  in  t h e  s u r f a c e  s o d a  ( N a 20 )  c o n c e n t r a t io n  a n d  a  c o r r e s p o n d in g  
d e c r e a s e  in  t h e  s i l ic a  ( S i 0 2) c o n c e n t r a t io n .  In  a d d i t io n ,  S e c o n d a r y  io n  m a s s  
s p e c t r o s c o p y  w a s  u s e d  to  d e p t h  p r o f i le  t h e  N a \  S i +4, C a +2 a n d  H + io n  p r o f i le  in  
a n  o r d in a r y  g la s s  m ic r o s c o p e  s l id e ,  i.e. t h e  s a m e  m a t e r ia l  u s e d  in  t h is  p r e s e n t  
s tu d y .  T h e  s u r f a c e  w a s  f o u n d  t o  b e  N a + r ic h  c o m p a r e d  t o  t h e  b u lk  
c o n c e n t r a t io n  in  a g r e e m e n t  w i th  t h e  p r e v io u s  p r o f i le s  d e t e r m in e d  u s in g  e le c t r o n  
s p e c t r o s c o p y .
T h e  h y d r o g e n  io n  p r o f i le  is  c o m p l i m e n t a r y  t o  t h e  a lk a l i  p r o f i le ,  s u p p o r t in g  t h e  
t h e o r y  t h a t  e x c e s s  s o d iu m  o b s e r v e d  a t  t h e  s u r f a c e  is  d e r iv e d  f r o m  t h e  n e a r ­
s u r f a c e  r e g io n  o f  t h e  g la s s ;  t h e  s i t e s  in  t h e  n e a r  s u r f a c e  h a v e  b e e n  r e p la c e d  
w ith  h y d r o g e n .  C l a r k  et al. a r e  c o n f id e n t  t h a t  t h e s e  d a t a  d e m o n s t r a t e  s o d iu m -  
h y d r o g e n  io n  e x c h a n g e  in  a  g la s s  s u r f a c e  e x p o s e d  t o  a ir .  P a n t a n o  et al. ( 1 9 7 6 )  
c o m m e n t  t h a t  a  s im i la r  r e a c t io n  b e t w e e n  C a +2 a n d  H + io n s  is  p o s s ib le ,  b u t  t a k e s  
p la c e  t o  a  m u c h  s m a l l e r  e x t e n t  d u e  t o  t h e  l o w e r  m o b il i t y  o f  t h e  C a +2 io n .
T h e  m ig r a t io n  o f  N a + io n s  t o  t h e  g la s s  s u r f a c e  is  l ik e ly  to  p la y  a  r o le  in  t h e  
o b s e r v e d  a n o m a lo u s  b e h a v i o u r  g iv e n  t h a t  in  t h e  p r e s e n t  s tu d y  N a + io n s  a r e  
p e c u l i a r  to  g la s s .
T r e n s  et al. ( 1 9 9 6 )  d e s c r ib e  a  w e a t h e r i n g  m e c h a n is m  t h a t  m a y  in  p a r t  e x p la in  
t h e  o b s e r v e d  a n o m a lo u s  b e h a v i o u r  w i th  g la s s  s u r f a c e s .  N a 20  is  a t t a c k e d  b y  
w a t e r ,  c r e a t in g  p o r e s  f i l le d  w i th  a  b a s ic  a q u e o u s  s o lu t io n .
Na20  + H20  -> 2NaOH (6.1)
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A t  h ig h  h u m id i ty  a n  a d s o r b e d  w a t e r  l a y e r  is  p r e s e n t  o n  t h e  g la s s  a n d  t h e  
c o n c e n t r a t io n  g r a d ie n t  w il l  d r i v e  t h e  N a + io n s  f r o m  t h e  p o r e s  in to  t h e  w a t e r  la y e r .  
C O 2 f r o m  t h e  a t m o s p h e r e  w il l  t e n d  t o  d is s o lv e  in  t h e  b a s ic  w a t e r  la y e r .
N a O H  +  C 0 2 - »  N a H C O s  ( 6 . 2 )
T h i s  w i l l  t h e n  le a d  to  t h e  f o r m a t io n  o f  c a r b o n a t e s  w h ic h  p r e c ip i t a t e  d u r in g  t h e  
d e s o r p t io n  p r o c e s s .
2 N a H C 0 3 - >  N a 2C 0 3 +  H 20  +  C 0 2 ( 6 . 3 )
T h e r e  is  e v i d e n c e  in  t h e  l i t e r a t u r e  o f  a  t r a n s i t io n  in  t h e  n a t u r e  o f  t h e  a d s o r b e d  
w a t e r  l a y e r  ( d e t a i l e d  in  t h e  f o l lo w in g  s u b - s e c t io n )  e n c o u r a g in g  p r e c ip i t a t io n  o f  
d is s o lv e d  s a l t s .  S h in d o  et al. ( 1 9 9 6 )  o b s e r v e  t h e  f o r m a t io n  o f  s a l t  ‘h i l lo c k s ’ o n  a  
c l e a v e d  N a C I  s u r f a c e  In  a i r  a t  r o o m  t e m p e r a t u r e  u s in g  a n  A F M .  T w o -  
d im e n s io n a l  c o n d e n s a t io n  o f  w a t e r  o n  t h e  s u r f a c e  is  f o u n d  to  o c c u r  a t  3 5 %  R H ,  
w i t h  t h e  f o r m a t io n  o f  a  b u lk  l iq u id  p h a s e  a t  7 6 %  R H .  A d s o r b e d  w a t e r  c o l le c t s  
b e t w e e n  t h e  A F M  t ip  a n d  t h e  c r y s t a l  s u r f a c e .  W h e n  t h e  t ip  is  r e m o v e d ,  a  
s o lu t io n  d r o p le t  ( 3 D  p h a s e )  w i l l  b e  le f t  a t  t h e  s u r f a c e .  D u e  t o  t h e  d i f f e r e n t  
d e g r e e s  o f  h y d r a t io n ,  t h e  s a t u r a t e d  c o n c e n t r a t io n  o f  N a C I  in  t h e  3 D  w a t e r  m u s t  
b e  h ig h e r  t h a n  in  2 D  w a t e r .  C o n s e q u e n t l y ,  m o s t  o f  t h e  d is s o lv e d  s a l t  w o u ld  
s o l id i f y  w h e n  t h e  3 D  p h a s e  t r a n s f o r m s  in to  t h e  2 D  p h a s e .
T h i s  s u g g e s t s  t h a t  p r e c ip i t a t io n  is  l ik e ly  t o  o c c u r  a r o u n d  m o n o la y e r  c o v e r a g e .  
H a g y m a s s y  et al.(1 9 6 9 )  a n d  B a d m a n n  et al. ( 1 9 8 1 ) ,  b o th  u s in g  g r a v im e t r ic  
t e c h n i q u e s ,  f o u n d  t h e  t h ic k n e s s  o f  a n  a d s o r b e d  w a t e r  l a y e r  a t  4 0 %  R H  t o  b e
0 . 4 7  n m  o n  q u a r t z  ( H a g y m a s s y )  a n d  0 . 4 1  n m  o n  s i l ic a t e  g la s s  ( B a d m a n n ) .  
G i v e n  a  v a l u e  o f  ~  0 . 3 5  n m  f o r  t h e  d i a m e t e r  o f  a  w a t e r  m o le c u le ,  t h is  s u g g e s t s  
t h e r e  t o  b e  m o n o la y e r  c o v e r a g e  o f  t h e  s u r f a c e  a t  a  v a l u e  o f  4 0 %  R H .  In  
c o n ju n c t io n  w i th  t h e  p r o p o s e d  ‘w e a t h e r i n g ’ o f  t h e  g la s s  s u r f a c e ,  a  s u d d e n  
p r e c ip i t a t io n  o f  d is s o lv e d  s a l t s  u p o n  t r a n s f o r m a t io n  o f  t h e  a d s o r b e d  w a t e r  la y e r ,
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m a y  h e lp  e l u c id a t e  w h y  t h e  s t r ik in g  b e h a v i o u r  o b s e r v e d  in  t h e  s tu d y ,  o c c u r s  a t  a  
c r i t ic a l  v a l u e  a r o u n d  4 0 %  R H .
S c h m i t z  et al. ( 1 9 9 5 )  p r e s e n t  A F M  im a g e s  o f  f r a c t u r e d  g la s s  s u r f a c e s  u n d e r  
a m b i e n t  a i r  f o r  d u r a t io n s  o f  u p  t o  4 6 5  m in u t e s .  E v i d e n c e  o f  p it t in g  /  w e a t h e r i n g  
c a n  b e  s e e n  c le a r ly  a f t e r  b e t w e e n  1 8  a n d  1 5 0  m in u t e s  o f  e x p o s u r e .  T h e  d e p t h  
o f  t h e  p it s  is  a p p r o x im a t e ly  2 0  n m .
A  la t e r  s t u d y  ( S c h m i t z  et al., 1 9 9 7 ) ,  o f  t h e  c o r r o s io n  o f  c le a v e d  g la s s  s u r f a c e s  
u n d e r  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t io n s ,  r e v e a l s  v a l u a b le  e x p e r im e n t a l  
e v i d e n c e .  F ir s t ly ,  w h e n  t h e  c l e a v e d  g la s s  s a m p l e  w a s  p la c e d  u n d e r  is o p r o p y l  
a lc o h o l  ( I P A )  a n d  s c a n n e d  u s in g  a n  A F M ,  n o  s ig n i f ic a n t  p it t in g  o r  w e a t h e r i n g  o f  
t h e  g la s s  s u r f a c e  w a s  o b s e r v e d .  T h i s  is  e n c o u r a g in g  g iv e n  t h e  I P A  c le a n in g  
t e c h n i q u e  a d o p t e d  in  t h e  p r e s e n t  s tu d y .  S e c o n d ly ,  w h e n  f o r c e  c a l ib r a t io n  w a s  
p e r f o r m e d  o n  t h e  A F M  t h e  s a m p l e  w a s  r a is e d  a n d  lo w e r e d  p e r io d ic a l ly  a g a in s t  
t h e  o s c i l la t in g  t ip .  T h i s  a c t io n  w a s  f o u n d  t o  e n h a n c e d  t h e  s u r f a c e  r e a c t io n ,  a s  
in d ic a t e d  b y  a  d o m in a n t  f e a t u r e  in  t h e  r e s u l t in g  im a g e .
A n  e le c t r o n  m ic r o s c o p y  s t u d y  w a s  c o n d u c t e d  o n  g la s s  m ic r o s p h e r e s  ( o f  t h e  
s a m e  b a t c h  a s  u s e d  in  t h e  a d h e s io n  m e a s u r e m e n t s )  in  a n  a t t e m p t  t o  id e n t i f y  
e v i d e n c e  o f  s u r f a c e  c o r r o s io n .  T h e s e  p a r t ic le s  w e r e  s u b je c t e d  to  h u m id i ty  
c y c le s  id e n t ic a l  t o  t h o s e  r e p o r t e d  in  C h a p t e r  5 .  H o w e v e r ,  n o  d r a m a t ic  
‘w e a t h e r i n g ’ o f  t h e  s u r f a c e s  w a s  o b s e r v e d .  G i v e n  t h e  e v i d e n c e  o f  S c h m i t z  et al. 
( 1 9 9 7 )  a b o v e ,  th is  c a n  b e  e x p la in e d  b y  t h e  o m is s io n  o f  a n y  r e p e a t e d  c o n t a c t  
b e t w e e n  g la s s  s p h e r e  a n d  g la s s  s u r f a c e  a n d  t h e  s u b s e q u e n t  a b s e n c e  o f  
c a p i l la r y  c o n d e n s a t io n  a r o u n d  t h e  c o n t a c t  r e g io n .
In  l ig h t  o f  t h e  c o r r o s io n  m e c h a n is m  p r e s e n t e d  in  E q u a t io n s  ( 6 . 1 )  -  ( 6 . 3 ) ,  t h e  
p r e s e n c e  o f  c a p i l la r y  c o n d e n s e d  l iq u id  is  l ik e ly  to  b e  c r i t ic a l ,  p r o m o t in g  io n -  
e x c h a n g e  f r o m  t h e  g la s s  s u r f a c e  a n d  s u b s e q u e n t ly  e n c o u r a g in g  C 0 2 f r o m  t h e  
a t m o s p h e r e  t o  d is s o lv e  in  t h e  n o w  b a s ic  w a t e r  la y e r .  N o t ic e  t h e  c o n t a c t  r e g io n
146
Chapter 6: Discussion
s h o w n  in  t h e  c e n t r e  o f  F ig u r e  6 . 5 ,  o f  a  g la s s  m ic r o s p h e r e  a f t e r  u s e  in  s e v e r a l  
a d h e s i o n  s t u d ie s  s y n o n y m o u s  w i th  t h o s e  d o c u m e n t e d  in  C h a p t e r  5 .
Figure 6.5 SEM image of a glass microsphere after use in several adhesion studies
4 0  m i c r o n s
T h e  f a c t  t h a t  a n  id e n t i f ia b le  c o n t a c t  r e g io n  c a n  b e  o b s e r v e d ,  g iv e n  t h e  
i n d e p e n d e n c e  o f  g la s s  to  a d h e s i v e  lo a d  a s  s h o w n  in  F ig u r e s  5 .1  to  5 .3 ,  
s u g g e s t s  t h e  f o r m a t io n  o f  c o r r o s io n  p r o d u c t s  a s  d e s c r ib e d  in  t h e  p r e v io u s  t e x t .
In t e r e s t in g ly ,  t h e  d ia m e t e r  o f  t h e  c o n t a c t  r e g io n  ( ~  7 . 2  p m )  s h o w s  b r o a d  
a g r e e m e n t  w i th  t h e  l iq u id  b r id g e  d i a m e t e r  ( ~  1 . 2  p m )  a s  p r e d ic t e d  b y  t h e  m o d e l  
o f  H o t t a  ( 1 9 7 4 )  a n d  d e s c r ib e d  in  C h a p t e r  2 .  T h e  a s s o c ia t io n  o f  t h e  c o n t a c t  
r e g io n  w i th  t h e  d im e n s io n s  o f  a  c a p i l l a r y  b r id g e  s u p p o r t s  t h e  r o le  o f  c a p i l la r y  
c o n d e n s e d  f lu id  in  t h e  f o r m a t io n  o f  c o r r o s io n  p r o d u c t s  o n  t h e  g la s s  s u r f a c e  a n d  
h e lp s  t o  e x p la in  t h e  a b s e n c e  o f  s u c h  p r o d u c t s  u p o n  o m is s io n  o f  r e p e a t e d  
c o n t a c t  b e t w e e n  s u r f a c e s .
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G o r b u n o v  et al. ( 1 9 9 0 ) ,  in  d is c u s s in g  t h e  n a t u r e  o f  t h e  a d s o r b e d  la y e r ,  s t a t e  t h a t  
w a t e r  a d s o r b e d  o n  s i l ic o n  d io x id e  a t  s u r f a c e  c o v e r a g e s  o f  a p p r o x im a t e ly  a  
m o n o l a y e r  o r  le s s  f o r m s  m ic r o - d r o p le t s  o r  c lu s t e r s .  H u  et al. ( 1 9 9 5 ) ,  u s in g  a n  
A F M  t e c h n iq u e ,  o b s e r v e  t h e  g r o w t h  o f  a n  a d s o r b e d  w a t e r  l a y e r  o n  a  f r e s h ly  
c l e a v e d  h y d r o p h i l ic  m ic a  s u r f a c e  e x p o s e d  t o  in c r e a s in g  h u m id i ty .  T h e  a d s o r b e d  
w a t e r  l a y e r  w a s  f o u n d  to  g r o w  a s  a  s e r i e s  o f  d is c r e t e  2  d im e n s io n a l  d o m a in s ,  in  
a g r e e m e n t  w i th  t h e  o b s e r v a t io n s  o f  G o r b u n o v  et al., t h a t  e x p a n d  a n d  c o v e r  t h e  
e n t i r e  s u r f a c e  w h e n  t h e  h u m id i ty  r e a c h e s  a p p r o x i m a t e l y  4 0 % .  A  s im i la r  2 D  -  3 D  
p r o c e s s  o f  w a t e r  a d s o r p t io n  is  a ls o  p r o p o s e d  b y  S h in d o  et al. ( 1 9 9 6 ) ,  a s  
d is c u s s e d  in  t h e  p r e v io u s  s u b - s e c t io n .
T h e  d is t a n c e  a t  w h ic h  p a r t ic le  a n d  s u r f a c e  e x p e r ie n c e  a n  a t t r a c t io n  u p o n  
a p p r o a c h ,  in c r e a s e s  d r a m a t ic a l l y  w i t h  in c r e a s in g  r e la t i v e  h u m id i ty  o n c e  a  v a l u e  
o f  a p p r o x i m a t e l y  7 0 %  h a s  b e e n  a t t a i n e d  ( s e e  F ig u r e s  5 . 1 6  -  5 . 1 8 ) .  I t  is  l ik e ly  
t h a t  t h is  r e f l e c t s  t h e  g r o w t h  o f  t h e  a d s o r b e d  l a y e r  a s  s h o w n  in  a d s o r p t io n  d a t a ,  
e.g. M c F a r l a n e  a n d  T a b o r  ( 1 9 5 0 ) ,  G a r b a t s k i  a n d  F o lm a n  ( 1 9 5 6 ) ,  a n d  
C h i k a z a w a  et al. ( 1 9 8 4 ) .  T h i s  is  s u p p o r t e d  b y  t h e  w o r k  o f  C r a s s o u s  et al. 
( 1 9 9 4 )  w h o ,  w h e n  s tu d y in g  c a p i l l a r y  c o n d e n s a t i o n  b e t w e e n  q u a r t z  s u r f a c e s  
u s in g  a  S F A ,  a ls o  o b s e r v e  a  s im i la r  i n c r e a s e  w i th  f i lm  t h ic k n e s s .  A  s im i la r  
p h e n o m e n o n  h a s  b e e n  o b s e r v e d  b y  D e y  ( 1 9 9 8 )  a n d  D e y  et a / . ( 1 9 8 8 ) ,  w h o  u s e  
a n  A F M  t o  in f e r  t h e  t h ic k n e s s  o f  a d s o r b e d  m o is t u r e  f i lm s  a s  a  f u n c t io n  o f  R H .
A f t e r  c o n t a c t  b e t w e e n  t h e  s u r f a c e s  h a s  b e e n  m a d e ,  a n  in c r e a s e  in  t h e  
s e p a r a t i o n  d is t a n c e  o v e r  w h ic h  a n  a d h e s i v e  f o r c e  p e r s is t s ,  c a n  b e  s e e n  f o r  
g la s s  ( a n d  q u a r t z ,  s e e  f o l lo w in g  s e c t io n )  a t  h u m id i t ie s  a b o v e  7 5  -  8 0 %  R H .  T h i s  
is  t h o u g h t  t o  b e  m a n i f e s t  a s  a n  e lo n g a t io n  o f  t h e  l iq u id  b r id g e ,  f e d  b y  m o b i le  
w a t e r  o n  t h e  s o l id  s u r f a c e  p r e s e n t  a t  h ig h  h u m id i t y  v a lu e s .
Chapter 6: Discussion
6.2 .4  A d s o rp t io n  o f  w a te r  o n  th e  g la s s  s u r fa c e s
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6 . 3  I n t e r a c t i o n s  b e t w e e n  q u a r t z  s u r f a c e s
Q u a r t z  is  p r e d o m in a n t ly  S i 0 2 in  c o m p o s i t io n  a n d  w a s  c h o s e n  p r im a r i ly  to  i s o la t e  
t h e  e f f e c t s  o f  im p u r i t ie s  s u c h  a s ,  N a +, f o u n d  in  s o d a - l im e  g la s s ,  o n  a d h e s io n  a s  
a  f u n c t io n  o f  r e la t i v e  h u m id i ty .  N o  s t r ik in g  i n c r e a s e  in  a d h e s io n  w a s  o b s e r v e d  
a s  t h e  h u m id i ty  w a s  d e c r e a s e d  f r o m  8 0 %  R H  to  v a l u e s  a r o u n d  4 0 %  R H ,  
c o n t r a s t in g  w ith  t h e  e x p e r im e n t s  p e r f o r m e d  u s in g  s o d a - l im e  g la s s .
T h e  a d h e s io n  f o r c e  b e t w e e n  a  q u a r t z  s p h e r e  a n d  a  q u a r t z  s u r f a c e  o v e r  t h e  
h u m id i t y  r a n g e  5 0  -  9 0 %  R H  is  in  t h e  r e g io n  o f  5 0 0  n N ,  a  f a c t o r  o f  1 0  s m a l le r  
t h a n  t h e  a d h e s io n  f o r c e  b e t w e e n  a  g la s s  s p h e r e  a n d  a  g la s s  s u r f a c e  o v e r  t h e  
s a m e  r a n g e  o f  h u m id i t ie s .  F ig u r e s  6 . 6  a n d  6 . 7  h ig h l ig h t  t h e  i r r e g u la r  n a t u r e  o f  
t h e  q u a r t z  g e o m e t r y ,  s u g g e s t in g  a  s m a l l e r  r e g io n  o f  in t e r a c t io n  u p o n  c o n t a c t .  
T h i s  s m a l l e r  c o n t a c t  r e g io n  w o u ld  a c c o u n t  f o r  t h e  r e d u c t io n  in  a d h e s io n  f o r c e  
o b s e r v e d  b e t w e e n  q u a r t z  s u r f a c e s ,  c o m p a r e d  to  g la s s  s u r f a c e s .
Figure 6.6 Photograph of a quartz particle mounted on an AFM cantilever
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Figure 6.7 Photograph of a glass microsphere mounted on an AFM cantilever
A n  in c r e a s e  in  t h e  s e p a r a t io n  d is t a n c e  o v e r  w h ic h  t h e  a d h e s i v e  f o r c e  p e r s is t s ,  
c a n  b e  s e e n  f o r  q u a r t z  a t  h u m id i t ie s  a b o v e  7 5  -  8 0 %  R H .  A s  d is c u s s e d  e a r l i e r
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f o r  g la s s ,  t h is  is  t h o u g h t  to  b e  m a n i f e s t  a s  a n  e lo n g a t io n  o f  t h e  l iq u id  b r id g e  f e d  
b y  m o b i le  w a t e r  o n  t h e  s o l id  s u r f a c e .  T h i s  is  s u p p o r t e d ,  b y  t h e  w o r k  o f  W h a l e n  
( 1 9 6 1 )  w h o ,  s tu d y in g  t h e  a d s o r p t io n  o f  w a t e r  o n  a  q u a r t z  s u r f a c e ,  e l u d e s  to  t h e  
p r e s e n c e  o f  a  m o b i le  f i lm  s t r u c t u r e  a t  h ig h e r  s u r f a c e  c o v e r a g e s .
6 . 4  I n t e r a c t i o n s  b e t w e e n  g o l d  s u r f a c e s
A  g o ld  c o a t in g  w a s  a p p l i e d  t o  t h e  g la s s  s u r f a c e  t o  i s o la t e  its  c o n t r ib u t io n  to  t h e  
a d h e s i v e  f o r c e  a s  a  f u n c t io n  o f  h u m id i ty ,  w h i ls t  m a in t a in in g  a  s im i la r  c o n t a c t  
g e o m e t r y .  N o  s t r ik in g  in c r e a s e  in  a d h e s i o n  w a s  o b s e r v e d  a s  t h e  h u m id i ty  w a s  
d e c r e a s e d  t o  v a l u e s  a r o u n d  4 0 %  R H ,  c o n t r a s t in g  w i th  t h e  e x p e r im e n t s  
p e r f o r m e d  u s in g  u n c o a t e d  g la s s  s u r f a c e s .
V a l u e s  c o r r e s p o n d in g  to  t h e  a d h e s io n  b e t w e e n  a  g o ld  c o a t e d  g la s s  s p h e r e  a n d  
a  g o ld  s u r f a c e  a r e  in  t h e  r e g io n  o f  2 0 0 0  -  4 0 0 0  n N  o v e r  h u m id i ty  r a n g e  o f  5 0  -  
9 0 %  R H .  T h is  is  a  r e d u c t io n  o f  a p p r o x i m a t e l y  3 0 %  o f  t h e  a d h e s io n  v a l u e  
b e t w e e n  a  g la s s  s p h e r e  a n d  a  g la s s  s u r f a c e .  T h e  s p u t t e r  c o a t in g  o f  g o ld  o n  to  
t h e  g la s s  s u r f a c e  w o u ld  b e  e x p e c t e d  t o  b e  n o n - u n i f o r m  in  n a t u r e  a n d  p r o m o t e  
s u r f a c e  r o u g h n e s s .  T h e  in c r e a s e  in  s u r f a c e  r o u g h n e s s  w o u ld  in  tu r n  a c c o u n t  
f o r  t h e  r e d u c t io n  in  a d h e s io n  c o m p a r e d  t o  t h e  a n a lo g o u s  e x p e r im e n t  p e r f o r m e d  
w it h  a n  u n c o a t e d  g la s s  s p h e r e .
L e e  a n d  S t a e h l e  ( 1 9 9 6 )  f o u n d  w a t e r  a d s o r b e d  o n  g o ld  c o a t e d  q u a r t z  to  e x h ib i t  
m o n o l a y e r  c o v e r a g e  b e lo w  2 0 %  R H .  A d s o r p t io n  i s o t h e r m s  o b t a in e d  b y  L e e  a n d  
S t a e h l e  a t  2 9 8  K  u s in g  a  q u a r t z  c r y s t a l  m ic r o b a la n c e  ( Q C M )  o n ly  s h o w  a  
m o d e s t  g a in  in  a d s o r b e d  m a s s  o v e r  t h e  h u m id i t y  r a n g e  2 0 - 8 0 %  R H .  T h i s  
s u g g e s t s  t h a t  a d h e s io n  b e t w e e n  s u r f a c e s  w il l  b e  l im ite d  to  in t e r a c t io n  b e t w e e n  
a d s o r b e d  la y e r s .  T h e  c o n t r ib u t io n  o f  v a n  d e r  W a a l s  f o r c e s  w il l  b e  s m a l l  g iv e n  
t h e  e f f e c t i v e  s e p a r a t io n  o f  s e v e r a l  n a n o m e t e r s  c a u s e d  b y  a s p e r i t y  c o n t a c t s .
Chapter 6: Discussion
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It  is  e x p e c t e d  t h a t  t h e  c o n d u c t iv e  n a t u r e  o f  t h e  g o ld  s u r f a c e  w il l  n o t  b e  
c o n d u c i v e  to  t h e  b u ild  u p  o f  is o la t e d  r e g io n s  o f  s u r f a c e  c h a r g e .
T h e  a d h e s io n  f a l ls  to  lo w  l e v e ls  t o w a r d s  t h e  e n d  o f  t h e  e x p e r im e n t .  R e f e r r in g  to  
F ig u r e  6 . 8 ,  th is  m a y  b e  d u e  to  d is r u p t io n  o f  t h e  g o ld  s u r f a c e ,  r e s u l t in g  in  a  
r e d u c e d  c o n t a c t  a r e a ,  g iv e n  t h e  r e p e a t e d  n u m b e r  o f  c o n t a c t s .
Figure 6.8 SEM showing a glass particle coated with gold mounted on an AFM 
cantilever
N o  e v i d e n c e  is  o b s e r v e d  f o r  g o ld  s u g g e s t in g  e lo n g a t io n  o f  t h e  l iq u id  b r id g e .  
G i v e n  t h e  in e r t  n a t u r e  o f  t h e  g o ld  s u r f a c e ,  s u c h  b e h a v io u r  w o u ld  o n ly  b e  
e x p e c t e d  a t  v e r y  h ig h  le v e ls  o f  R H ,  i.e. a p p r o a c h in g  s a t u r a t io n .
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• 6 . 5  E r r o r  a n a l y s i s
A s  s t a t e d  e lo q u e n t ly  b y  T a y l o r  ( 1 9 9 1 ) ,  a n  e r r o r  is  t h e  in e v i t a b le  u n c e r t a in t y  t h a t  
a t t e n d s  a l l  s c ie n t i f ic  m e a s u r e m e n t s .
O n e  m a j o r  c r i t ic is m  o f  t h e  u s e  o f  a n  A F M  a r r a n g e m e n t  f o r  f o r c e  m e a s u r e m e n t  is  
t h e  e r r o r  in  t h e  a b s o lu t e  m a g n i t u d e  o f  f o r c e s  a r is in g  f r o m  a n  u n c e r t a in t y  in  t h e  
c a n t i l e v e r  s p r in g  c o n s t a n t .  H o w e v e r ,  g iv e n  t h a t  e a c h  in d iv id u a l  e x p e r im e n t a l  
r u n  w a s  p e r f o r m e d  u s in g  t h e  s a m e  c a n t i l e v e r ,  t h e  e r r o r  a s s o c ia t e d  w i th  t h e  
m e a s u r e m e n t  w il l  b e  id e n t ic a l  f o r  e a c h  d a t a  p o in t ,  i.e. s y s t e m a t ic .  
C o n s e q u e n t ly ,  c o m p a r is o n s  m a d e  b e t w e e n  d a t a  p o in t s  o n  t h e  s a m e  
e x p e r im e n t a l  r u n  a r e  in s e n s i t iv e  t o  u n c e r t a in t i e s  in  t h e  c a n t i l e v e r  s p r in g  
c o n s t a n t .
C o m p a r i s o n s  b e t w e e n  d a t a  o b t a in e d  o n  d i f f e r e n t  e x p e r im e n t a l  r u n s  w il l  b e  
l s e n s i t i v e  t o  u n c e r t a in t ie s  in  t h e  c a n t i l e v e r  s p r in g  c o n s t a n t .  It  w a s  n e c e s s a r y  to
a n a l y s e  t h e  s o u r c e s  o f  e r r o r  t o  q u a n t i f y  t h is  u n c e r t a in t y .  T h e  s t e p s  t a k e n  to  
c a l c u l a t e  t h e  a d h e s i v e  f o r c e  a r e  s h o w n  b e lo w .
S t e p  1 M e a s u r e  c a n t i l e v e r  d im e n s io n s :  lr w, t
S t e p  2  C a l c u l a t e  c a n t i l e v e r  s p r in g  c o n s t a n t :  k
S t e p  3  M e a s u r e  c h a n g e  in  d e t e c t o r  s ig n a l  d u e  to  a d h e s io n :  AVa
S t e p  4  D e t e r m i n e  c o n t a c t  g r a d ie n t :  AV/ASc
S t e p  5  C a l c u l a t e  c a n t i l e v e r  d is p la c e m e n t :  AVa x (AV</AScy 1
S t e p  6  C a l c u l a t e  a d h e s i v e  f o r c e :  k x  AVax (AV/ASJ1
Id e n t i f y in g  e a c h  s t e p  a n d  t h e  u n c e r t a in t i e s  in v o lv e d  e n a b l e s  t h e  p r o p a g a t io n  o f  
e r r o r s  to  b e  c a lc u la t e d  a n d  a  f in a l  u n c e r t a in t y  d e t e r m in e d .  S e e  T a b l e  6 . 1 ,
s h o w n  o n  t h e  f o l lo w in g  p a g e ,  f o r  u n c e r t a in t y  v a l u e s  a n d  a  d e f in i t io n  o f  t h e
s y m b o ls .
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T a b le  6 .1  U n c e r ta in ty  v a lu e s  f o r  t h e  c a lc u la t io n  o f  a d h e s iv e  fo r c e  a n d  a  d e f in it io n  o f  
s y m b o ls  u s e d  in th is  s e c t io n . U n c e r ta in ty  v a lu e s  in b r a c k e ts  w e r e  d e te r m in e d  u s in g  
p ro p a g a t io n  fo r m u la e .
S y m b o l D e f in i t io n T y p i c a l  v a lu e U n c e r t a i n t y
I L e n g th  o f  c a n t i le v e r 2 5 0  j im ±  0 .5  jam
w W id th  o f  c a n t i le v e r 4 2 . 0  j im ± 0 . 5  jam
t T h ic k n e s s  o f  c a n t i le v e r 6 . 9 5  j im ±  0 .0 5  jam
E Y o u n g ’s  m o d u lu s  o f  S il ic o n 1 .7 1 E + 1 1  N .m "2 ± 3 . 4 2  E + 1 0  N .m " 2
k C a n t i le v e r  s p r in g  c o n s ta n t 3 8 .6  N .m '1 ( ±  2 .0  N .m " 1 )
A V a C h a n g e  in  d e te c to r  s ig n a l d u e  
to  a d h e s io n
0 .1 7 2 4  V ± 0 . 0 0 0 1 5  V
A  V c /  A S C C o n ta c t  g r a d ie n t 1 .4 8 E - 0 3  V .n m " 1 ±  8 . 6 9 E - 0 5  V .n m " 1
X C a n t i le v e r  d is p la c e m e n t 1 1 7  n m ( ± 7  n m )
F A d h e s iv e  fo r c e 4 5 1 6  n N ( ± 3 5 0  n N )
U n c e r t a i n t i e s  in  I, w a n d  t  w e r e  d e f in e d  b y  t h e  r e s o lu t io n  o f  t h e  im a g in g  
t e c h n i q u e  (o p t ic a l  m ic r o s c o p y  o r  S E M ) .  T h e  u n c e r t a in t y  in  E w a s  b a s e d  o n  a  
v a l u e  o f  2 0 %  o f  t h e  t y p ic a l  v a l u e  ( s e e  c o m m e n t s  b y  S a d e r ,  1 9 9 5 ,  S e c t io n  2 .4 :  
i n t e r p a r t i c le  f o r c e  m e a s u r e m e n t  a p p a r a t u s ) .  T h e  c a n t i l e v e r  s p r in g  c o n s t a n t ,  k, 
w a s  c a lc u la t e d  u s in g  E q u a t io n  ( 2 . 2 0 )  a n d  its  u n c e r t a in t y  d e t e r m in e d  t h r o u g h  
p r o p a g a t io n  u s in g  t h e  f o l lo w in g  e q u a t i o n s  d e t a i l e d  in  T a y l o r  ( 1 9 9 7 ,  p 7 8 ) .
P r o d u c t s  a n d  q u o t i e n t s
i f  q -  t h e n  t h e  u n c e r t a in t y  in  q ,
i f  q = xn t h e n  t h e  u n c e r t a in t y  in  q ,
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Uncertainty in a power
M e a s u r e d  q u a n t i t y  m u l t i p l i e d  b y  a n  e x a c t  n u m b e r
i f  q =  5 ..X  t h e n  t h e  u n c e r t a in t y  in  q ,
Sq = \B\3c ( 6 . 3 )
U n c e r t a i n t y  in  t h e  c o n t a c t  g r a d ie n t ,  AVC /  ASC, w a s  d e t e r m in e d  b y  t a k in g  t h e  
s t a n d a r d  d e v ia t io n  o f  c o n t a c t  g r a d i e n t s  c a l c u l a t e d  f o r  6 3  in d iv id u a l  f o r c e  c u r v e s  
f o r m in g  t h e  1 0 S E P 1 9 9 8  d a t a  s e t  a n d  in c lu d in g  a n  a d d i t io n a l  2 %  o f  t h e  
m e a s u r e d  v a l u e  t o  a c c o u n t  f o r  u n c e r t a in t i e s  in  t h e  p ie z o  c a l ib r a t io n  t e c h n iq u e .  
U n c e r t a i n t y  in  t h e  d e t e c t o r  s ig n a l ,  AVa, is  d e t e r m i n e d  f r o m  t h e  r e s o lu t io n  o f  1 6  
b it  A / D  d a t a  a c q u is i t io n  c a r d ,  i.e. 5  V  ( fu l l  s c a le  d e f le c t io n )  d iv id e d  b y  2 {16' 1). 
F in a l ly ,  t h e  u n c e r t a in t y  in  a d h e s i v e  f o r c e ,  F, w a s  c a lc u la t e d  a g a in  u s in g  
E q u a t io n  ( 6 . 1 )  a s  d e t a i l e d  b y  T a y lo r ,  w i th  a  t y p ic a l  v a l u e  r e p r e s e n t e d  b y  r u n  d 2 3  
( 5 8 . 5 %  R H ,  2 1 .1  ° C ) .
F o r  t h e  e x p e r im e n t a l  s tu d y ,  t h r e e  d a t a  p o in t s  w e r e  t a k e n  to  d e f i n e  t h e  
m e a s u r e m e n t  o f  f o r c e  a t  a  g iv e n  r e l a t i v e  h u m id i ty .  E x a m in a t io n  o f
F ig u r e s  5 . 4  -  5 .1 1  s h o w s  g o o d  r e p r o d u c ib i l i t y  in  t h e  d a t a  f o r  a  g iv e n  r e l a t i v e  
h u m id i ty .  A l l  m e a s u r e m e n t s  a c q u i r e d  d u r in g  a n  in d iv id u a l  ru n  w e r e  t a k e n  in  t h e  
s a m e  s p o t  to  m in im is e  e r r o r s  d u e  t o  d i f f e r e n c e s  in  s u r f a c e  p r o f i le  a n d  
c o m p o s i t io n .  D e v ia t io n  b e t w e e n  p o in t s  is  g e n e r a l l y  in  t h e  o r d e r  o f  8 %  ( o r  in  
s o m e  c a s e s  le s s )  s u g g e s t in g  t h e  c a l c u l a t e d  v a l u e ,  a ls o  8 % ,  to  b e  a  r e a s o n a b l e  
e s t i m a t e  o f  t h e  e x p e r im e n t a l  e r r o r .
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R e f e r r in g  t o  S e c t io n  2 . 4 . 2 ,  t h e  c a l c u l a t e d  u n c e r t a in t y  in  t h e  c a n t i l e v e r  s p r in g  
c o n s t a n t  o f  5 %  is  in  r e a s o n a b l e  a g r e e m e n t  w i th  v a l u e s  o f  6 %  o b t a in e d  b y  
w o r k e r s  ( T o r r i  et al., 1 9 9 6 ,  R a b in o v ic h  a n d  Y o o n ,  1 9 9 6 )  c o m p a r in g  c a l c u la t e d  
v a l u e s  a g a in s t  t h o s e  o b t a in e d  e x p e r im e n t a l l y .
T h e  p e r f o r m a n c e  o f  a n  e r r o r  a n a l y s i s  o n  t h e  m e a s u r e m e n t  o f  a d h e s i v e  f o r c e  
u s in g  t h e  c u s t o m  in s t r u m e n t ,  a n d  t h e  f in a l  u n c e r t a in t y  o f  ±  3 5 0  n N  in  a n  
a d h e s i v e  f o r c e  m e a s u r e m e n t  o f  4 5 1 6  n N ,  i.e. a  d e v ia t io n  o f  8 % ,  is  im p o r t a n t .  
T h i s  v a l u e  s t r o n g ly  s u g g e s t s  t h e  a n o m a l o u s  e f f e c t s  o b s e r v e d  f o r  g la s s  to  b e  
g e n u in e ,  g iv e n  t h a t  t h e  c o r r e s p o n d in g  a d h e s i v e  f o r c e  d a t a  l ie  o u t s id e  t h e  s c a t t e r  
a s s o c i a t e d  w i th  t h e  p e r f o r m a n c e  o f  t h e  f o r c e  in s t r u m e n t .
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7 .  C o n c l u s i o n s
7 .1  S t a t e m e n t  o f  t h e  o r i g i n a l  p r o b l e m
T h e  im p e t u s  f o r  t h is  s t u d y  o r ig in a t e d  f r o m  d i s a g r e e m e n t  f o u n d  in  t h e  l i t e r a t u r e  
b e t w e e n  v a r i o u s  w o r k e r s  a s  to  t h e  p o in t  a t  w h ic h  r e l a t i v e  h u m id i t y  b e g i n s  to  
e x e r t  a n  i n f l u e n c e  o n  i n t e r p a r t i c l e  a d h e s i o n .  A  r e v i e w  o f  t h e  l i t e r a t u r e  
c o n c lu d e d  t h a t  t h e  t e r m  ‘c r i t ic a l  h u m id i t y ’ , r e f e r r in g  to  t h e  o n s e t  o f  c a p i l l a r y  
c o n d e n s a t i o n  a t  c o n t a c t  p o in t s  b e t w e e n  p a r t i c le s ,  s h o u ld  b e  r e g a r d e d  w i th  
c a u t io n  a s  e x p e r im e n t a l  e v i d e n c e  s u g g e s t e d  it  to  b e  s y s t e m  s p e c i f i c .
A  n u m b e r  o f  c o h e s i o n /a d h e s i o n  s t u d ie s  h a v e  b e e n  p e r f o r m e d  o n  b u lk  p o w d e r  
s a m p l e s  a n d  r e p o r t e d  in  t h e  l i t e r a t u r e .  T h e s e  a r e  o f  l im i t e d  v a l u e  f o r  
e v a lu a t i n g  f u n d a m e n t a l s  s u c h  a s  f o r c e s  b e t w e e n  s in g le  p a r t i c le s .  T h i s  is  d u e  
t o  o t h e r  e f f e c t s  s u c h  a s  c h a n g e s  in  p a c k in g  g e o m e t r y  o r  m ic r o  s t r u c t u r e  o f  t h e  
p o w d e r ,  a n d  b u lk  c o h e s io n  a r is in g  f r o m  g e o m e t r i c a l  in t e r lo c k in g .  
C o n s e q u e n t l y ,  t h e r e  is  a  n e e d  f o r  e x p e r im e n t a l  d a t a  o n  t h e  l e v e l  o f  a n  
in d iv id u a l  p a r t i c le .
In  o r d e r  t o  a d d r e s s  t h e  a f o r e m e n t i o n e d  is s u e s ,  t h e  i n f l u e n c e  o f  r e l a t i v e  
h u m id i t y  o n  i n t e r p a r t i c l e  f o r c e  w a s  e x a m i n e d  f o r  a  m o d e l  s y s t e m  ( s p h e r e  o n  
f l a t )  u s in g  a  c u s t o m  b u i l t  f o r c e  i n s t r u m e n t  in c o r p o r a t in g  A t o m ic  F o r c e  
M i c r o s c o p e  ( A F M )  t e c h n o l o g y .  A  c u s t o m  b u i l t  in s t r u m e n t  o f f e r e d  a d v a n t a g e s  in  
t e r m s  o f  e x p e r im e n t a l  f le x ib i l i t y ,  a c c e s s  f o r  t e m p e r a t u r e / h u m id i t y  p r o b e s ,  d a t a  
a c q u is i t io n  a n d  p r o c e s s in g ,  a n d  c o s t .
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7 . 2  P r in c ip a l  a c h i e v e m e n t s  o f  t h e  s t u d y
T h e  p r e s e n t  s t u d y  h a s  r e q u i r e d  c o n s i d e r a b l e  e f f o r t  in  a  n u m b e r  o f  a r e a s .  T h e  
p r in c ip a l  a c h i e v e m e n t s  in  e a c h  a r e a  o f  w o r k  a r e  c o n c lu d e d  in  t h e  f o l lo w in g  
b u l le t s .  T h e  c o n c lu s io n s  a r e  a r r a n g e d  to  r e f l e c t  t h e  s t r u c t u r e  o f  t h e  
d is s e r t a t io n .
•  K e y  p a r a m e t e r s  h a v e  b e e n  id e n t i f i e d  t h a t  i n f lu e n c e  t h e  in t e r a c t io n  b e t w e e n  
p a r t i c le s  in  t h e  p r e s e n c e  o f  a  h u m id  a t m o s p h e r e ,  n a m e ly  c o n t a c t  g e o m e t r y ,  
r o u g h n e s s ,  a n d  t h e  c h e m i c a l  n a t u r e  o f  t h e  s u r f a c e .  T h e  i n t e r p la y  b e t w e e n  
s u r f a c e  r o u g h n e s s  a n d  a d s o r b e d  l a y e r  t h ic k n e s s  h a s  b e e n  h ig h l ig h t e d .
•  D i s a g r e e m e n t  h a s  b e e n  f o u n d  b e t w e e n  w o r k e r s  a s  to  t h e  p o in t  a t  w h ic h  
r e l a t i v e  h u m id i t y  b e g i n s  to  e x e r t  a n  i n f l u e n c e  o n  i n t e r p a r t i c le  a d h e s i o n .  T h e  
t e r m  ‘c r i t ic a l  h u m id i t y ’ , r e f e r r in g  t o  t h e  o n s e t  o f  c a p i l l a r y  c o n d e n s a t i o n  a t  
c o n t a c t  p o in t s  b e t w e e n  p a r t i c le s ,  s h o u ld  b e  r e g a r d e d  w i th  c a u t io n  a s  
e x p e r im e n t a l  e v i d e n c e  s u g g e s t s  it  to  b e  s y s t e m  s p e c i f ic .
•  T h e o r e t i c a l  m o d e ls  h a v e  b e e n  id e n t i f i e d  a n d  s o lv e d  to  d e s c r ib e  t h e  c a p i l l a r y  
c o n d e n s a t i o n  f o r c e  b e t w e e n  a  s p h e r e  a n d  a  f l a t  s u r f a c e .  S i m i l a r  v a l u e s  
w e r e  o b t a in e d  f o r  d i f f e r e n t  m o d e ls ,  e v e n  t h o u g h  t h e y  r a n g e d  in  c o m p le x i t y  
f r o m  a  s im p l i f ie d  L a p l a c e - K e l v i n  a p p r o a c h  t o  a  fu l l  s o lu t io n  o f  t h e  c a p i l l a r y  
b r id g e  p r o f i le .
•  C o n t r a s t in g  t r e n d s  in  a d h e s i v e  f o r c e  a s  a  f u n c t io n  o f  R H ,  d e s c r ib e d  in  t h e  
l i t e r a t u r e ,  w e r e  r e p o r t e d  t o  b e  d e p e n d e n t  o n  t h e  n a t u r e  o f  c o n t a c t  g e o m e t r y ,
i.e. s p h e r e  o n  f l a t  versus c o n e  o n  f la t .  T h e  o r ig in  o f  t h is  b e h a v i o u r  l i e s  in  
t h e  c o n t r ib u t io n  o f  t h e  c a p i l l a r y  s u c t io n  t e r m  to  t h e  t o t a l  f o r c e  a s  a  f u n c t io n  
o f  c o n t a c t  g e o m e t r y .
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•  A  r a n g e  o f  a p p a r a t u s  h a s  b e e n  id e n t i f i e d  f o r  t h e  d i r e c t  m e a s u r e m e n t  o f  
i n t e r p a r t i c le  f o r c e  a t  t h e  l e v e l  o f  a  s i n g l e  p a r t i c le .  A  c a r e f u l  r e v i e w  o f  t h e  
l i t e r a t u r e  r e la t in g  to  t h e  d e s i g n ,  c o n s t r u c t io n  a n d  c a l ib r a t io n  o f  a n  A F M  h a s  
e n a b l e d  v i t a l  in f o r m a t io n  to  b e  a s s im i l a t e d  a n d  c o n d e n s e d  in to  v a l u a b l e  
g u i d e l i n e s  f o r  t h e  d e s i g n  o f  f o r c e  in s t r u m e n t a t io n  b a s e d  o n  A F M  
t e c h n o lo g y .
•  I n s t r u m e n t a t io n  h a s  b e e n  d e s i g n e d ,  c o n s t r u c t e d  a n d  c o m m is s io n e d  to  
m e a s u r e  i n t e r p a r t i c le  f o r c e  f o r  p a r t i c le s  o f  r e a l i s t i c  s i z e ,  i.e. <  5 0  p m  in  
d ia m e t e r .  T h e  s u c c e s s  o f  t h e  d e s i g n  c a n  b e  g a u g e d  b y  t h e  l a r g e  b o d y  o f  
f o r c e  d a t a  c o l l e c t e d  o n  t h e  s c a l e  o f  a n  in d iv id u a l  p a r t i c l e  w i t h in  a n  
e s t i m a t e d  e r r o r  o f  8 % .  S o f t w a r e  h a s  b e e n  w r i t t e n  to  a c q u i r e ,  p r o c e s s  a n d  
d is p la y  e x p e r im e n t a l  d a t a  in  a  u s e r  f r i e n d l y  g r a p h ic a l  e n v i r o n m e n t .
•  T e c h n i q u e s  h a v e  b e e n  id e n t i f i e d  a n d  a d o p t e d  f o r  t h e  p r e p a r a t i o n  o f  g la s s ,  
q u a r t z  a n d  g o ld  s u r f a c e s .  U s in g  a  c u s t o m  m o u n t in g  f ix t u r e  a n d  a  m ic r o ­
m a n ip u la t io n  s t a g e ,  t h e  m o u n t in g  o f  a  s in g le  p a r t i c le  o n  t o  t h e  u n d e r s i d e  o f  
a  c o m m e r c ia l  A F M  c a n t i l e v e r  s p r in g  h a s  b e e n  r e f in e d ,  b y  e x p lo i t in g  t h e  
f o c a l  p la n e  o f  a  m i c r o s c o p e  o b je c t i v e ,  to  a l l o w  u n o b s c u r e d  p l a c e m e n t  a n d  
a l i g n m e n t  o f  t h e  p a r t i c le .
•  T h e  p ie z o  c e r a m ic  t u b e ,  f a c i l i t a t in g  f i n e  c o n t r o l  o f  s e p a r a t i o n  b e t w e e n  
p a r t i c le  a n d  s u b s t r a t e ,  h a s  b e e n  c h a r a c t e r i s e d  u s in g  a  c o m b in a t io n  o f  in situ 
c a l ib r a t i o n  a n d  t h e  a p p l i c a t i o n  o f  a  m o d e l  t o  d e s c r ib e  p ie z o  h y s t e r e s is .  T h e  
l i n e a r  p ie z o  r e s p o n s e  a g r e e s  w e l l  w i t h  d a t a  p u b l is h e d  in  t h e  l i t e r a t u r e  a n d  
c o i n c i d e n c e  o f  a p p r o a c h  a n d  w i t h d r a w a l  c u r v e s  s u g g e s t s  a p p r o p r i a t e  
c o r r e c t io n  h a s  b e e n  m a d e  f o r  p ie z o  h y s t e r e s is .
•  T h e  i n f l u e n c e  o f  r e l a t i v e  h u m id i t y  o n  i n t e r p a r t i c le  f o r c e  h a s  b e e n  e x a m i n e d  
f o r  a  m o d e l  s p h e r e - o n - f l a t  s y s t e m .  T h r e e  m a t e r ia ls  w e r e  c h o s e n  f o r  t h e  
a d h e s i o n  s t u d ie s :  s o d a  l im e  g la s s  ( g l a s s  b a l lo t in i ) ,  a m o r p h o u s  q u a r t z  a n d  
g o ld .  P r e v io u s ly  u n r e p o r t e d  s t r ik in g  b e h a v i o u r ,  n a m e l y  s t r o n g  r e p u ls io n
158
Chapter 7: Conclusions
b e t w e e n  s o d a - l i m e  g la s s  s u r f a c e s  u p o n  a p p r o a c h ,  h a s  b e e n  d e t e c t e d  w h e n  
t h e  R H  is  d e c r e a s e d  f r o m  >  7 0 %  t o  a r o u n d  4 0 % .  O n c e  t h e  s u r f a c e s  w e r e  
b r o u g h t  in to  c o n t a c t ,  a  l a r g e  a d h e s i v e  f o r c e  w a s  o b s e r v e d  u p o n  s e p a r a t i o n .  
T h e  s t r o n g  r e p u ls io n  a n d  l a r g e  a d h e s i o n  w e r e  o n ly  o b s e r v e d  f o r  a d h e s i o n  
s t u d ie s  p e r f o r m e d  u s in g  s o d a - l i m e  g la s s  s u r f a c e s .  T h e  s t r ik in g  b e h a v i o u r  
w a s  i n d e p e n d e n t  o f  t h e  p r e s e n c e  o f  a n  a - p a r t i c l e  e m i t t in g  s o u r c e  a n d  w a s  
o b s e r v e d  f o r  e a c h  o f  t h e  t w o  d i f f e r e n t  s u r f a c e  p r e p a r a t i o n  t e c h n i q u e s  u s e d .
•  A  n u m b e r  o f  p o s s ib le  e x p l a n a t i o n s  h a v e  b e e n  o f f e r e d  f o r  t h e  o b s e r v e d  
s t r ik in g  b e h a v i o u r .  T h e s e  i n v o lv e  w e a t h e r i n g  o f  t h e  g la s s  s u r f a c e ,  d u e  to  
e x p o s u r e  a t  h ig h  l e v e ls  o f  R H ,  a n d  p r e c ip i t a t io n  o f  d is s o lv e d  s a l t s  a s  a  
c o n s e q u e n c e  o f  s t r u c t u r a l  c h a n g e s  in  t h e  n a t u r e  o f  t h e  a d s o r b e d  w a t e r  
l a y e r  a r o u n d  m o n o l a y e r  c o v e r a g e .  G i v e n  r e l e v a n t  d a t a  id e n t i f i e d  in  t h e  
l i t e r a t u r e ,  a  v a l u e  o f  a r o u n d  4 0 %  R H ,  i.e. t h e  v a l u e  a t  w h ic h  s t r ik in g  
b e h a v i o u r  is  o b s e r v e d  f o r  g la s s ,  is  t h o u g h t  to  c o i n c i d e  w i th  m o n o l a y e r  
c o v e r a g e  o f  a d s o r b e d  w a t e r  o n  g la s s  s u r f a c e s .
•  T h e o r e t i c a l  c a l c u l a t i o n s  o f  a d h e s i o n  f o r c e  h a v e  b e e n  p e r f o r m e d  b a s e d  o n  
t h e  c o n c e p t  o f  c a p i l l a r y  m e n i s c u s  f o r m a t io n .  C a l c u l a t i o n s  g iv e  v a l u e s  o f  
a r o u n d  1 7 0 0 0  n N  f o r  a  s p h e r e  4 0  p m  in  d i a m e t e r  a n d  a  c o n t a c t  a n g l e  o f  
2 0 ° .  T h e s e  v a l u e s  a r e  s o m e w h a t  l a r g e r  t h a n  m e a s u r e d  v a l u e s  in  a l l  c a s e s  
a p a r t  f r o m  p e a k  a d h e s i o n .
•  F o r  p a r t i c l e - s u r f a c e  s y s t e m s  a t  lo w  h u m id i t i e s ,  it  is  t h o u g h t  t h a t  t h e r e  is  
in s u f f i c ie n t  w a t e r  a d s o r b e d  t o  o v e r c o m e  t h e  e f f e c t  o f  s u r f a c e  r o u g h n e s s .  
C o n t a c t  o c c u r s  a t  a s p e r t i e s ,  w h ic h  r e d u c e s  t h e  e x p e c t e d  c o n t a c t  a r e a  a n d  
h e n c e  l e a d s  to  a n  a d h e s i o n  f o r c e  t h a t  is  lo w e r  t h a n  p r e d ic t e d .  A t  h u m id i t i e s  
>  8 0 %  R H  t h e  e x p e r im e n t s  s h o w  e v i d e n c e  o f  c a p i l l a r y  e l o n g a t i o n  u p o n  
s u r f a c e  s e p a r a t i o n .  T h i s  im p l ie s  t h a t  t h e  s u r f a c e  a d s o r b e d  f i lm  is  m o b i le  
w ith  b u lk  l iq u id  b e in g  d r a w n  in t o  t h e  b r id g e  u n d e r  t h e  a c t io n  o f  t h e  s u r f a c e  
t e n s io n  f o r c e .
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A v e n u e s  o f  f u t u r e  w o r k  h a v e  b e e n  id e n t i f ie d  to  c o m p l im e n t  e x is t in g  
e x p e r im e n t a l  a n d  t h e o r e t i c a l  d a t a  a n d  e n h a n c e  t h e  p e r f o r m a n c e  o f  t h e  c u s t o m  
in s t r u m e n t .
•  I n d e p e n d e n t  w o r k  k in d ly  c o n d u c t e d  o n  a  c o m m e r c ia l  A F M  in d i c a t e s  t h e  
s t r ik in g  b e h a v i o u r  o b s e r v e d  o n  g la s s  s u r f a c e s  t o  b e  r e a l  a n d  e x p l a n a t i o n s  
f o r  t h e  e f f e c t  a n d  its  u n i q u e n e s s  to  s o d a - l i m e  g la s s  h a v e  b e e n  p r o p o s e d .  
H o w e v e r ,  it  is  r e c o g n is e d  t h a t  f u r t h e r  w o r k  o f  a  f u n d a m e n t a l  n a t u r e  is  
r e q u i r e d  t o  i s o la t e  t h e  t r u e  c a u s e  o f  t h is  a n o m a l o u s  b e h a v i o u r .
•  It  w o u ld  b e  in t e r e s t in g  to  s e e  i f  t h e  a n o m a l o u s  b e h a v i o u r  c o u ld  b e  o b s e r v e d  
u n d e r  b u lk  c o n d i t io n s  f o r  a  p o w d e r  s u b je c t e d  t o  s im i la r  c h a n g e s  in  R H .  
I n i t ia l ly ,  it w o u ld  b e  a p p r o p r i a t e  t o  u s e  s a m p l e s  o f  t h e  s a m e  m a t e r i a l  a n d  o f  
a  s i m i l a r  s i z e  ( i t  is  r e c o g n i s e d  t h a t  v a r i a t io n s  in  s i z e  d is t r ib u t io n  o f  t h e  
p o w d e r  w i l l  c o m p l i c a t e  i n t e r p r e t a t io n  o f  t h e  r e s u l t s ) .  A  c o m p a r is o n  b e t w e e n  
b u lk  a n d  s in g le  p a r t i c le  b e h a v i o u r  w o u ld  f u r t h e r  t h e  u s e  o f  t h e  c u s t o m  
i n s t r u m e n t  a s  a  p o t e n t i a l  p r e d i c t o r  o f  b u lk  p a r t i c le  b e h a v i o u r .  B u lk  
m e a s u r e m e n t s  c o u ld  b e  a c h i e v e d  t h r o u g h  t h e  p e r f o r m a n c e  o f  s h e a r - c e l l  
s t u d ie s  to  id e n t i f y  c h a n g e s  in  c o h e s iv i t y  o f  t h e  p o w d e r  w i th  R H .
•  N e w  m a t e r i a l s  c o u ld  b e  in v e s t i g a t e d  u s in g  t h e  c u s t o m  f o r c e  in s t r u m e n t .  In  
p a r t i c u la r ,  m a t e r i a l s  o f  m o r e  i m m e d i a t e  r e l e v a n c e  t o  in d u s t r ia l  a p p l i c a t io n s .  
A d h e s i o n  m e a s u r e m e n t s  c o u ld  b e  c o m p l im e n t e d  w i th  i s o t h e r m  d a t a  
g e n e r a t e d  u s in g  g r a v i m e t r i c  t e c h n i q u e s  a n d  m e a s u r e m e n t s  o f  s u r f a c e  a r e a  
to  e n a b l e  a n  e s t im a t io n  o f  a d s o r b e d  l a y e r  t h i c k n e s s 1 a n d  t h e  o n s e t  o f  
m o n o l a y e r  c o v e r a g e .  T h e  c o u p l in g  o f  a  n u m b e r  o f  t e c h n i q u e s  e x a m in in g  
s u r f a c e  p h e n o m e n a  m a y  a l l o w  in s ig h t  in t o  m o r e  c o m p l e x  b e h a v i o u r ,  e.g. t h e
1 Caution must be exercised to allow for the condensation of water in capillary bridges or any 
internal pore structure.
7 .3  F u tu r e  w o r k
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i n v e s t ig a t io n  o f  in t e r p a r t i c l e  f o r c e  b e t w e e n  p a r t i c le s  t h a t  u n d e r g o  
d is s o lu t io n  o r  a  v o l u m e  c h a n g e .
•  T h e  e f f e c t  o f  c o n t a c t  g e o m e t r y ,  h ig h l ig h t e d  in  t h e  r e v i e w  o f  t h e  l i t e r a t u r e ,  
c o u ld  b e  in v e s t i g a t e d .  H o w e v e r ,  g iv e n  t h e  t h ic k n e s s  o f  a n  a d s o r b e d  l a y e r  is  
in  t h e  o r d e r  o f  a  f e w  n a n o m e t e r s  ( o r  l e s s ) ,  a  v e r y  s h a r p  c o n t a c t  m u s t  b e  
m a d e  w i th  t h e  s u b s t r a t e  t o  r e f l e c t  t r u e  c o n e - o n - p l a t e  g e o m e t r y .  C o n v e r s e l y ,  
t h is  c o u ld  a ls o  b e  a c h i e v e d  b y  id e n t i f y in g  a n d  a d o p t in g  t e c h n i q u e s  to  
a r t i f i c ia l l y  e n c o u r a g e  t h e  f o r m a t io n  o f  t h ic k  a d s o r b e d  l a y e r s  o n  t h e  
p a r t i c l e / s u b s t r a t e  s u r f a c e .
•  T h e  in t r o d u c t io n  o f  a  C C D  c a m e r a ,  p la c e d  in  c lo s e  p r o x im i t y  to  t h e  
in s t r u m e n t ,  w o u ld  a id  in  t h e  a l i g n m e n t  o f  p a r t i c l e - p a r t i c l e  c o n t a c t s .  Im a g e  
a n a l y s i s  s o f t w a r e  w o u ld ,  in  p r in c ip le ,  e n a b l e  t h e  m e a s u r e m e n t  o f  
p a r a m e t e r s  n e c e s s a r y  to  f u r t h e r  e x p l o i t  t h e  t h e o r e t i c a l  a n a l y s i s  o f  a  
c a p i l l a r y  c o n d e n s e d  l iq u id  b r i d g e .  A l t h o u g h ,  g iv e n  t h e  b r id g e  a n a l y s i s  
p e r f o r m e d  u s in g  t h e  m o d e l  o f  H o t t a  ( 1 9 7 4 ) ,  m a g n i f i c a t io n  f a c t o r s  o f  a t  l e a s t  
1 0 0 0  w o u ld  b e  r e q u i r e d  to  p r o v id e  a  fu l l  d e s c r ip t io n  o f  t h e  b r id g e  g e o m e t r y .  
H o w e v e r ,  e v e n  a  m o d e s t  o p t ic a l  s e t - u p  m a y  e l u c i d a t e  p a r a m e t e r s  s u c h  a s  
h a l f  f i l l in g  a n g l e ,  w h ic h  in  c o n ju n c t io n  w i t h  R H  a n d  p a r t i c l e  r a d iu s  w o u ld  
p r o v i d e  s c o p e  f o r  m o d e l l in g  o p p o r t u n i t i e s .
•  It  w o u ld  b e  b e n e f i c i a l  to  h a v e  g r e a t e r  c o n t r o l  o v e r  t h e  t e m p e r a t u r e  w i t h in  
t h e  i n s t r u m e n t  c h a m b e r  t o  m i t ig a t e  t h e  h e a t in g  e f f e c t  o f  t h e  f a n .  In  a d d i t io n ,  
t h is  w o u ld  a l l o w  a d h e s i o n  s t u d ie s  t o  b e  p e r f o r m e d  o v e r  a  r a n g e  o f  
t e m p e r a t u r e s .  C a u t i o n  s h o u ld  b e  e x e r c i s e d  r e g a r d in g  t h e  v a l id i t y  o f  t h e  
p ie z o  t u b e  c o - e f f i c i e n t s  o v e r  a  r a n g e  o f  s y s t e m  t e m p e r a t u r e s .
•  In  l ig h t  o f  r e c e n t  p r o f e s s io n a l  e x p e r i e n c e ,  t h e r e  is  s c o p e  f o r  t h e  in t e g r a t io n  
o f  f i l t e r in g  a lg o r i t h m s  in t o  t h e  d a t a  p r o c e s s in g  s o f t w a r e .  T h i s  w o u ld  h e lp  
d is t in g u is h  s m a l l ,  b u t  s t a t i s t i c a l l y  s ig n i f i c a n t ,  f e a t u r e s  d is p l a y e d  o n  t h e  
a c q u i r e d  f o r c e  c u r v e s .
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•  E x a m in a t i o n  o f  t h e  f r ic t io n a l  r e s p o n s e  o f  p r o b e - s u b s t r a t e  c o n t a c t  ( s e e  
O g l e t r e e  et al., 1 9 9 6 )  a t  d i f f e r e n t  v a l u e s  o f  R H  is  l i k e ly  to  c o m p l im e n t  
e x is t in g  a d h e s i v e  f o r c e  d a t a .  T h e  f r ic t io n a l  r e s p o n s e  c a n  in  t h e o r y  b e  
m o n i t o r e d  b y  a c q u i r in g  t h e  p o s i t io n  s e n s in g  d e t e c t o r  ( P S D )  s ig n a l  a lo n g  its  
x - a x is ,  a s  o p p o s e d  to  t h e  y - a x i s ,  w h ic h  r e s p o n d s  t o  c h a n g e s  in  n o r m a l  
f o r c e .  A n  a p p r o p r i a t e  s ig n a l  p a t h w a y  is  a l r e a d y  in c o r p o r a t e d  in t o  t h e  
d e s ig n  o f  t h e  in s t r u m e n t .  C o n s e q u e n t l y ,  f u t u r e  w o r k  s h o u ld  f o c u s  o n  t h e  
d e v e l o p m e n t  o f  a p p r o p r i a t e  m e t h o d s  o f  d a t a  a n a ly s is .
•  In  p r in c ip le ,  r e f e r r in g  to  t h e  w o r k  o f  B r a i t h w a i t e  et al. ( 1 9 9 6 ) ,  m e a s u r e m e n t  
o f  t h e  f o r c e  b e t w e e n  s u r f a c e s  in  l iq u id s  u s in g  t h e  c u s t o m  in s t r u m e n t  is  
p o s s ib le  f o l lo w in g  t h e  d e s i g n  o f  a n  a p p r o p r i a t e  s a m p l e  f ix t u r e .  F o r  
m e a s u r e m e n t s  in  a i r ,  D e r j a g u i n  et al. ( 1 9 6 8 ,  r e p r in t e d  1 9 9 2 )  a n d  W a n  et al. 
( 1 9 9 2 )  p r o v id e  s o m e  d e t a i l s  o n  t h e  u s e  o f  a n  e l e c t r o m e t e r  to  q u a n t i f y  
s u r f a c e  c h a r g e .  I n c o r p o r a t io n  o f  a n  e l e c t r o m e t e r  in to  t h e  in s t r u m e n t  d e s ig n  
w o u ld  c e r t a i n l y  b r o a d e n  t h e  s c o p e  o f  p o t e n t ia l  in v e s t ig a t io n s .
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A p p e n d i x  1
T h e o r e t i c a l  a n a l y s i s  o f  t h e  e f f e c t  o f  a  l iq u id  c o n d e n s a t e  
o n  t h e  a d h e s i o n  f o r c e  b e t w e e n  a  r ig id  m a c r o s c o p i c  
s p h e r e  a n d  a  s m o o t h  f la t  s u r f a c e
In  t h e  p r e s e n c e  o f  a  v a p o u r  a p p r o a c h i n g  s a t u r a t io n ,  l iq u id  w i l l  a d s o r b  o n  t h e  
s o l id  s u r f a c e s  a n d  c o n d e n s e  a r o u n d  t h e  c o n t a c t  r e g io n  to  f o r m  a  c a p i l l a r y  
b r id g e .
A s  s h o w n  in  t h e  f o l lo w in g  a n a l y s i s ,  f i r s t  a p p l i e d  b y  Y o u n g  a n d  L a p l a c e  in  1 8 0 5 ,  
a  p r e s s u r e  d i f f e r e n c e  w i l l  e x i s t  a c r o s s  a  c u r v e d  l iq u id  s u r f a c e ,  d u e  its  s u r f a c e  
t e n s io n .
C o n s i d e r  a  c u r v e d  s u r f a c e  a s  s h o w n  in  F ig u r e  9 . 1 .  T h e  s e c t io n  o f  s u r f a c e  is  
s m a l l  e n o u g h  s o  t h a t  r1 a n d  r2 a r e  e s s e n t ia l l y  c o n s t a n t .  I f  t h e  s u r f a c e  is  
d is p l a c e d  b y  a  p r e s s u r e  d i f f e r e n c e ,  AP, a c t in g  a c r o s s  t h e  s u r f a c e ,  t h e  c h a n g e  
in  a r e a  w i l l  b e
AA = (x + dx)(y + dy) -  xy =  xdy + ydbc ( 9 - 1 )
F ig u r e  9 .1  A  c u r v e d  s u r f a c e  d e s c r ib e d  b y  t w o  r a d i i  o f  c u r v a t u r e ,  r1 a n d  r 2
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T h e  w o r k  d o n e ,  W, in  f o r m in g  t h e  a d d i t i o n a l  s u r f a c e  e q u a l s
W = y{xdy + ydx) (9-2)
w h e r e  ^ i s  t h e  f r e e  e n e r g y  p e r  u n i t  a r e a  o f  t h e  s u r f a c e .  T h e  d o n e  w o r k  ( F o r c e  x  
d is t a n c e  =  P r e s s u r e  x  a r e a  x  d is t a n c e )  in  d is p la c in g  t h e  s u r f a c e  e q u a l s
W -  APxydz ( 9 - 3 )
F r o m  a  c o m p a r is o n  o f  s i m i l a r  t r i a n g l e s ,  it  f o l lo w s  t h a t
x + dx x , xdz /n A x
 =  —  o r  dx = -------  ( 9 . 4 )
r l  + dz r\ r\
a n d
y + dy = *-  o r  dy = y ^  ( 9 . 5 )
r2 + dz r2 r2
I f  t h e  s u r f a c e  is  in  m e c h a n i c a l  e q u i l ib r iu m ,  t h e  t w o  w o r k  t e r m s  d e s c r ib e d  b y  
E q u a t i o n s  ( 9 . 2 )  a n d  ( 9 . 3 )  m u s t  b e  e q u a l .  E q u a t i n g  t h e s e  t e r m s  a n d  s u b s t i t u t in g  
t h e  e x p r e s s i o n s  f o r  dx a n d  dy s h o w n  in  E q u a t i o n s  ( 9 . 4 )  a n d  ( 9 . 5 )  g iv e s  t h e  
f a m i l i a r  L a p l a c e - Y o u n g  e q u a t i o n :  r e la t in g  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  a  
c u r v e d  s u r f a c e  t o  i ts  c u r v a t u r e  a n d  s u r f a c e  t e n s io n .
(9.6,
N o t i c e  t h a t  f r o m  t h is  e x p r e s s i o n  ( E q u a t io n  9 . 6 )  it  f o l lo w s  t h a t  t h e  p r e s s u r e  
d i f f e r e n c e  a c r o s s  a  p la n e  s u r f a c e  ( r1 =  r 2 -  oo) is  e q u a l  t o  z e r o .
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T h e  e f f e c t  o f  c u r v a t u r e  o f  a  l iq u id  s u r f a c e  o n  its  a s s o c i a t e d  v a p o u r  p r e s s u r e  
c a n  b e  e x a m i n e d  b y  in v o k in g  c l a s s i c a l  t h e r m o d y n a m i c s .  T h e  e f f e c t  o f  a  
c h a n g e  in  m e c h a n i c a l  p r e s s u r e  ( a s s u m in g  c o n s t a n t  t e m p e r a t u r e )  o n  t h e  m o l a r  
G i b b s  f r e e  e n e r g y ,  G m, o f  a  s u b s t a n c e  is  e q u a l  to
A s s u m in g  t h e  m o l a r  v o l u m e ,  V, t o  b e  c o n s t a n t  a n d  e x p r e s s in g  t h e  p r e s s u r e  
d i f f e r e n c e  a c r o s s  t h e  c u r v e d  s u r f a c e  in  t e r m s  o f  t h e  L a p l a c e - Y o u n g  r e la t io n s h ip  
( E q u a t io n  9 . 6 ) ,  g iv e s
R e t u r n in g  to  t h e  g e n e r a l  r e la t io n s h ip  e x p r e s s e d  in  E q u a t io n  ( 9 . 7 ) ,  it  f o l lo w s  t h a t  
f o r  a  p e r f e c t  g a s ,  t h e  c h a n g e  in  m o l a r  G ib b s  f r e e  e n e r g y  o f  t h e  v a p o u r  in  
e q u i l ib r iu m  w i th  t h e  l iq u id  is
w h e r e  p is  t h e  p r e s s u r e  o f  t h e  v a p o u r  a b o v e  t h e  c u r v e d  s u r f a c e  a n d  p0 is  t h e  
s a t u r a t e d  v a p o u r  p r e s s u r e  o f  t h e  l iq u id .
H e n c e ,  a t  e q u i l ib r iu m  t h e  m e n is c u s  c u r v a t u r e ,  (1/n +  1/r2), o f  t h e  c a p i l l a r y  
b r id g e  c a n  b e  r e l a t e d  t o  t h e  r e l a t i v e  v a p o u r  p r e s s u r e ,  p /p D, b y  e q u a t i n g  
E q u a t i o n s  ( 9 . 8 )  a n d  ( 9 . 9 ) .  T h i s  is  o f t e n  t e r m e d  t h e  K e lv in  e q u a t io n :
dGm = j  VdP ( 9 . 7 )
( 9 . 8 )
(9-9)
(9.10)
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w h e r e  rk is  t h e  K e lv in  r a d iu s ,  y  is  t h e  s u r f a c e  t e n s io n  o f  w a t e r  ( 7 2 . 3 x 1 0 3 N . m '1) 
a n d  V is  t h e  m o l a r  v o l u m e  o f  w a t e r  ( 1 8 x 1  O '5 m o l .m '3) .
T h e  a d h e s i o n  f o r c e  b e t w e e n  a  m a c r o s c o p i c  s p h e r e  a n d  a  f l a t  s u r f a c e  c a n  b e  
c a l c u l a t e d  b y  c o n s id e r in g  t h e  L a p l a c e  p r e s s u r e  in  t h e  l iq u id  a c t in g  o v e r  t h e  
c o n t a c t  a r e a  b e t w e e n  t h e  s p h e r e  a n d  f l a t  s u r f a c e .  A s  s h o w n  e a r l i e r ,  t h e  
L a p l a c e  p r e s s u r e  is  g iv e n  b y
P = y — +  — l « —  ( w h e n r 2 » r i )  ( 9 . 1 1 )
\r\ r2J r\
R e f e r r i n g  to  t h e  e x a c t  p r o f i l e  o f  t h e  l iq u id  b r id g e  ( H o t t a ,  1 9 7 4 )  in  C h a p t e r  2 :  
r2 ~  1 . 0 x 1 0 '6 m  a n d  r-i -  4 . 9 x 1 0 * 9 m . In s e r t in g  t h e s e  v a l u e s  in to  E q u a t io n  ( 9 . 1 1 )  
g iv e s  a  v a l u e  f o r  t h e  L a p l a c e  p r e s s u r e ,  P ,  o f  1 4 8 . 2 7  b a r  c o m p a r e d  to  a  v a l u e  o f  
1 4 7 . 5 5  b a r  w h e n  t h e  a s s u m p t io n  o f  r2 »  n  is  m a d e .  T h e s e  v a l u e s  a r e  c lo s e  
a n d  s u g g e s t  t h e  a b o v e  a s s u m p t io n  t o  b e  v a l i d .
Figure 9.1 Diagram showing a capillary bridge between sphere and flat surface
T h e  c o n t a c t  a r e a  ( o r  e f f e c t i v e  i n t e r a c t io n  a r e a )  c a n  b e  a p p r o x i m a t e d  b y  
a p p ly in g  P y t h a g o r a s ’ t h e o r e m  to  t h e  g e o m e t r i c  c o n s t r u c t io n  s h o w n  in  
F ig u r e  9 . 1 .
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R2 = x2 + (R-a)2 (9.12)
E x p a n d in g  t h e  b r a c k e t s  g iv e s :
R 2 =  x 2 +  R 2 -  2 R a  +  a 2 ( 9 . 1 3 )
a n d  w h e n  R  »  a
x 2 =  2 R a ( 9 . 1 4 )
T h e  L a p l a c e  p r e s s u r e  a c t s  o v e r  a n  a r e a  nx2, w h ic h  g iv e n  E q u a t i o n  ( 9 . 1 4 )  is  
e q u i v a l e n t  to  2 ^ R a  ( w h e n  R  »  a ) .  F o r  s m a l l  v a l u e s  o f  <|>, a n d  r e f e r r in g  t o  t h e  
g e o m e t r i c a l  c o n s t r u c t io n  s h o w n  in  F ig u r e  9 . 2 ,  a  -  2 r i c o s ( 0 ) .  0  r e p r e s e n t s  t h e  
c o n t a c t  a n g l e  m a d e  b y  t h e  l iq u id  b r id g e  a g a i n s t  t h e  s o l id  s u r f a c e .
Figure 9.2 Diagram showing geometric relationship between contact angle and 
meniscus radius (see also Figure 9.1)_________________________
T h e  a d h e s i v e  f o r c e ,  F, a c t in g  b e t w e e n  s p h e r e  a n d  s u r f a c e  in  t h e  p r e s e n c e  o f  
a n  a n n u l u s  o f  c o n d e n s e d  c a p i l l a r y  l iq u id ,  c o r r e s p o n d s  t o  t h e  L a p l a c e  p r e s s u r e  
a c t in g  o v e r  t h e  a r e a  o f  c o n t a c t  b e t w e e n  s p h e r e  a n d  s u r f a c e :
m e n i s c u s
a
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F  =  —  x 27tR (2j\ c o s ( 0 ) )  ( 9 . 1 5 )
n
S im p l i f y in g  E q u a t io n  ( 9 . 1 5 )  g iv e s  t h e  f a m i l i a r  e x p r e s s io n  f o r  t h e  f o r c e  o f  
a d h e s i o n  b e t w e e n  a  s p h e r e  o n  a  f l a t  in  t h e  p r e s e n c e  o f  a  c a p i l l a r y  b r id g e
F  =  4 ji :R y C O S 0  ( 9 . 1 6 )
S u m m a r y  o f  a s s u m p t i o n s
•  V a p o u r  b e h a v e s  a s  a n  i d e a l  g a s
•  C o n s t a n t  t e m p e r a t u r e
•  V a p o u r  a n d  l iq u id  in  e q u i l ib r iu m
•  R ig id  c o n t a c t  b e t w e e n  s p h e r e  a n d  f l a t  s u r f a c e
•  F l a t  s u r f a c e  is  s m o o t h
® R a d i u s  o f  s p h e r e  ( R )  »  o u t e r  m e n i s c u s  r a d iu s  (n)
•  M e n i s c u s  r a d iu s  a r o u n d  t h e  w a i s t  o f  t h e  c a p i l l a r y  b r id g e  ( r 2)  »  o u t e r  
m e n is c u s  r a d iu s  (r? )
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► A p p e n d i x  2
T e c h n i q u e  f o r  s o l v i n g  t h e  e x a c t  p r o f i le  o f  a  c a p i l la r y  
c o n d e n s e d  l iq u id  b r i d g e  b e t w e e n  a  s p h e r e  a n d  a  f la t  
s m o o t h  s u r f a c e  u s i n g  n u m e r i c a l  m e t h o d s
A s  d e s c r ib e d  in  C h a p t e r  2 ,  t h e  e x a c t  p r o f i le  o f  a  c a p i l la r y  c o n d e n s e d  l iq u id  
b r id g e  b e t w e e n  a  s p h e r e  a n d  a  f l a t  s m o o t h  s u r f a c e  c a n  b e  s o lv e d  n u m e r ic a l ly  
u s in g  a  t r u n c a t e d  T a y l o r  s e r ie s .
A p p ly in g  C a r t e s i a n  c o - o r d in a t e s  ( s e e  F ig u r e  2 . 2 a  a n d  2 . 2 b ) ,  w h e r e  t h e  a b s c is s a  
m a r k s  t h e  f la t  s m o o t h  s u r f a c e  a n d  t h e  o r d in a t e  p a s s e s  t h r o u g h  t h e  c e n t r e  o f  t h e  
s p h e r e ,  t h e  p r o f i le  o f  t h e  b r id g e  is  g iv e n  b y
x
(l + JE2)'
( 9 . 1 7 )
r2
( 9 . 1 8 )
w h e r e  i  a n d  x a r e  u s e d  t o  r e p r e s e n t  dx/dy a n d  d2x/d]/  r e s p e c t iv e ly .  A s  
d e t a i l e d  in  A p p e n d i x  1 , t h e  K e lv in  e q u a t io n  r e la t e s  t h e  c u r v a t u r e  o f  t h e  b r id g e  to  
t h e  s u r r o u n d in g  r e la t i v e  h u m id i ty .  S u b s t i t u t in g  E q u a t io n s  ( 9 . 1 7 )  a n d  ( 9 . 1 8 )  f o r  
1 / n  a n d  1 / r 2 in  E q u a t io n  ( 9 . 1 0 )  a n d  r e a r r a n g in g  in  t e r m s  o f  x g iv e s
x =
f (  Y
“
-Inf — RT
\p0)
Vy
V
+
_x(l + x) _
( l+ i)% (9.19)
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x = i?sin(^), (9.20)
y = R - R c o s ( 0 ) (9.21)
a n d
i  = — . (9.22)
tan(6*)
U s in g  a  t r u n c a t e d  T a y l o r  s e r i e s
At the boundary between bridge and sphere
Av ^
xmw ~ xold A yxold p xold ( 9 . 2 3 )
a n d  d i f f e r e n t ia t in g  w i th  r e s p e c t  t o  x  g iv e s
xnew ~ xold ±  A yxold ( 9 . 2 4 )
w h e r e  Ay is  t h e  s t e p  le n g t h  m o v in g  d o w n  t h e  o r d in a t e  a x is  t o w a r d s  t h e  
a b s c is s a ,  it is  p o s s ib le  t o  s o lv e  f o r  t h e  p r o f i le  o f  t h e  l iq u id  b r id g e .
S o l u t i o n  p r o c e d u r e
1 . C h o o s e  a  v a l u e  f o r  R a n d  6 a n d  g u e s s  a  h a l f  f i l l in g  a n g le ,  (j> ( a p p r o p r ia t e  
v a l u e s  f o r  t h e  p r e s e n t  s t u d y  a r e  s h o w n  in  T a b l e  2 . 1 )
2 .  S t a r t in g  a t  t h e  in it ia l  b o u n d a r y  c o n d i t io n ,  i.e. t h e  p o in t  w h e r e  t h e  b r id g e  
c o n t a c t s  t h e  s p h e r e ,  c a l c u l a t e  in i t ia l  x  a n d  y  c o - o r d in a t e s  u s in g  E q u a t io n s  
( 9 . 2 0 )  a n d  ( 9 . 2 1 )
3 .  C a l c u l a t e  i  u s in g  E q u a t io n  ( 9 . 2 2 )  a n d  x u s in g  E q u a t io n  ( 9 . 1 9 )
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4 .  In c r e a s e  y  b y  Ay a n d  c a l c u l a t e  xnew a n d  i new u s in g  t h e  T a y l o r  s e r ie s  
( E q u a t io n  9 . 2 3 )  a n d  ( 9 . 2 4 )
5 .  C a l c u l a t e  x u s in g  E q u a t io n  ( 9 . 1 9 )
6 .  R e p e a t  s t e p s  4  a n d  5  u n t i l  y = 0  a n d  t h e  b r id g e  m a k e s  c o n t a c t  w i th  t h e  f la t  
s u r f a c e .
W h e n  y=0
x = --------- ( 9 . 2 5 )
tan(0) V '
7 .  C a l c u l a t e  t h e  c o n t a c t  a n g le ,  0, m a d e  b y  t h e  l iq u id  b r id g e  a g a i n s t  t h e  f la t  
s u r f a c e  u s in g  E q u a t io n  ( 9 . 2 5 )  a n d  c o m p a r e  w ith  t h e  in i t ia l  v a lu e .  R e p e a t  f o r  
d i f f e r e n t  v a l u e s  o f  </> u n t i l  a  s a t i s f a c t o r y  v a l u e  f o r  6^  is  o b t a in e d .
A p p e n d i x  3  
O p e r a t i n g  p r o c e d u r e
T h e  f o l lo w in g  t e x t  is  n o  s u b s t i t u t e  f o r  a  t h o r o u g h  u n d e r s t a n d in g  o f  t h e  f o r c e
in s t r u m e n t .  I t  is  r e c o m m e n d e d  t h a t  t h e  u s e r  is  f a m i l i a r  w i th  C h a p t e r s  3  a n d  4
b e f o r e  a t t e m p t in g  to  o p e r a t e  t h e  a p p a r a t u s .
1 . C h e c k  t h a t  a l l  e q u i p m e n t  is  s w i t c h e d  o f f .
2 .  O p e n  d o o r s  to  p e r s p e x  c h a m b e r .
3 .  U s in g  c y a n o a c r y l a t e  b a s e d  a d h e s i v e ,  g lu e  c a n t i l e v e r  w a f e r  t o  t h e  in c l in e d  
s u r f a c e  o f  t h e  f ix in g  p la t e  a n d  a t t a c h  t h e  p la t e  t o  t h e  c a n t i l e v e r  s t a g e  u s in g  
t h e  m in ia t u r e  A l l e n  b o l t .
4 .  U s in g  c y a n o a c r y l a t e  b a s e d  a d h e s i v e ,  g lu e  t h e  s a m p l e  to  a  s t a i n l e s s  s t e e l  
m o u n t in g  d is c  a n d  p la c e  t h e  d is c  in  p o s i t io n  u p o n  t h e  m a g n e t i c  s u r f a c e  o f  
t h e  s a m p l e  s t a g e .
5 .  S w i t c h  o n  t h e  c o m p r e s s o r  a n d  w a i t  f o r  t h e  a n t i - v ib r a t io n  t a b l e  t o  s t a b i l i s e .
6 .  E n s u r e  t h a t  t h e  l a s e r  is  f ix e d  f i r m ly  in  t h e  g a n t r y  a n d  p o in t in g  v e r t i c a l l y  
d o w n w a r d s  t o w a r d  t h e  s a m p l e  s t a g e .
7 .  S w i t c h  o n  t h e  P C  a n d  a c t i v a t e  t h e  d a t a  a c q u is i t io n  s o f t w a r e .
8 .  S w i t c h  o n  c o m b in e d  l a s e r  /  p ie z o  p o w e r  s u p p ly  ( I N P U T  s w i t c h )  a n d  a d ju s t  
t h e  l a s e r  s u p p ly  to  + 5  V  D C  a n d  t h e  p ie z o  s u p p ly  t o  + 1 2  V  D C .
9 .  S w i t c h  o n  t h e  p o s i t io n  s e n s in g  d io d e  ( P S D )  s ig n a l  a m p l i f i e r s  a n d  s e t  t h e  
g a i n  to  1 0 0 K .
1 0 .  S e l e c t  S E T U P  o n  t h e  a c q u is i t io n  s o f t w a r e  a n d  s w i tc h  o n  t h e  p o w e r  o u t p u t  
to  t h e  la s e r .  A l ig n  t h e  l a s e r  w i th  t h e  b a c k  o f  t h e  c a n t i l e v e r  b y  v ie w in g  t h e  
P S D  o u t p u t  s ig n a l  d is p la y .  I f  a p p r o p r i a t e ,  a d ju s t  t h e  g a i n  o n  t h e  P S D  
s ig n a l  a m p l i f i e r s .
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1 1 .  W e a r i n g  d is p o s a b le  g lo v e s  a n d  s a f e t y  g o g g l e s  a s  r e q u i r e d ,  p la c e  s a l t  
s o lu t io n /s i l i c a  g e l ,  r e m o t e l y  o p e r a t e d  f a n  a n d  t e m p e r a t u r e - h u m i d i t y  p r o b e  
i n s id e  t h e  c h a m b e r .
1 2 .  C l o s e  d o o r s  to  c h a m b e r .
1 3 .  S w i t c h  o n  p o w e r  s u p p ly  t o  s a m p l e  s t a g e  m o t o r is e d  d r iv e r s .
1 4 .  S w i t c h  o n  s ig n a l  g e n e r a t o r ,  s e l e c t  a p p r o p r i a t e  s ig n a l  t y p e  ( r a m p )  a n d  
f r e q u e n c y  ( 0 .1  H z )  a n d ,  u s in g  a n  o s c i l lo s c o p e  to  m o n i t o r  t h e  D C  o u t p u t ,  
a d ju s t  t h e  v o l t a g e  r a n g e  t o  0  -  5  V .
1 5 .  S e t  h ig h - v o l t a g e  p ie z o  d r i v e r  d ia l  t o  z e r o .
1 6 .  S w i t c h  o n  t h e  p o w e r  o u t p u t  t o  t h e  h ig h - v o l t a g e  p ie z o  d r i v e r  a n d  s e t  
m a x im u m  o u t p u t  to  5 0 0  -  6 0 0  V  ( t y p ic a l l y  n u m b e r  5  s e t t in g  o n  d ia l ) .  
C a u t i o n  -  o v e r l o a d in g  m a y  c a u s e  p e r m a n e n t  d a m a g e  to  t h e  p ie z o .
1 7 .  S e t  t h e  m o t o r is e d  d r iv e  o n  ‘s l o w e s t ’ s e t t in g  a n d  b r in g  s a m p l e  in to  c o n t a c t  
w ith  A F M  c a n t i l e v e r .
1 8 .  U s e  t h e  d a t a  a c q u is i t io n  s o f t w a r e  t o  c a p t u r e  f o r c e - c u r v e s  a s  d e s i r e d .
1 9 .  W h e n  t h e  m e a s u r e m e n t  is  c o m p l e t e ,  b r in g  t h e  s a m p l e  o u t  o f  c o n t a c t  b y  
l o w e r in g  t h e  s a m p l e  s t a g e  a n d  s e t  t h e  h ig h - v o l t a g e  p ie z o  s u p p ly  t o  z e r o .
2 0 .  T u r n  o f f  t h e  f o l lo w in g :  s ig n a l  g e n e r a t o r ,  h ig h - v o l t a g e  p ie z o  p o w e r  o u t p u t ,  
l a s e r  p o w e r  o u t p u t ,  P S D  s ig n a l  a m p l i f i e r s ,  m o t o r is e d  s a m p l e  s t a g e  a n d  
P C .
2 1 .  O p e n  t h e  c h a m b e r  d o o r s  a n d  c a r e f u l l y  r e m o v e  b o t h  t h e  s a m p l e  a n d  t h e  
A F M  c a n t i l e v e r .
2 2 .  T u r n  o f f  t h e  c o m p r e s s o r  ( r e m e m b e r  to  d r a in  t h e  c o m p r e s s o r  o n  a  w e e k l y  
b a s is  d u r in g  p e r io d s  o f  h e a v y  u s e ) .
